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Abstract
We show with multiple luminescence dating techniques that the sedimentary record for Lake Eyre, Australia's
largest lake, extends beyond 200 thousand years (ka) to Marine Isotope Stage (MIS) 7. Transgressive clayey
sand and finely laminated clays overlying the Miocene Etadunna Formation in Lake Eyre North document the
deep-lake phases of central South Australia in the past. Until now, unresolved chronology has hampered our
ability to interpret these sedimentary records, which are important for understanding the timing of the wettest
phase of central Australia's late Quaternary climate. In this study, we apply quartz optically stimulated
luminescence (OSL) dating, thermally-transferred OSL (TT-OSL) dating and K-feldspar post infrared
infrared stimulated luminescence (pIRIR) dating to lake-floor sediments near Williams Point in Madigan Gulf
to provide new age constraint for the lacustrine sediments of Lake Eyre. Methodological studies on quartz and
K-feldspar demonstrate that these luminescence dating procedures are suitable for the Lake Eyre lacustrine
samples and produce consistent replicate ages. A Bayesian model applied to the new dating results provides a
chronological model of lacustrine deposition and shows that the transgressive clayey sand were deposited 221
± 19 ka to 201 ± 10 ka and that the deep-water sediments were laid down in early MIS 6 (191 ± 9 ka to 181 ±
9 ka). We also find evidence for a potential depositional hiatus in mid MIS 6 and the likely formation of a
palaeo-playa later in MIS 6 from 158 ± 11 ka to 143 ± 15 ka. In contrast, the MIS 5 sediments are
characterised by oscillating deep- and shallow-water lacustrine units deposited 130 ± 16 ka to 113 ± 20 ka.
This study is the first of its kind to provide evidence for a wet desert interior in Australia beyond the last glacial
cycle using comprehensive numerical dating. Our results show that past deep-lake episodes of central South
Australia, which were previously thought to represent peak interglacial conditions, are actually associated with
both warm interglacial and cold glacial periods, with all the wettest episodes generally coinciding with the
intervening periods between the glacial and interglacial maximums. We assume from these results that orbital
forcing is not a first order control for the long-term dynamics of the Lake Eyre basin and the Indo-Australian
monsoon. The high lake-level events of Lake Eyre are well correlated with millennial-scale cooling events and
stadials of the North Atlantic, and coincide with weakened episodes/events for the East Asia summer
monsoon. This may imply an important role for the northern high latitudes in influencing the Indo-Australian
monsoon, which may be associated with a southward migration of the Intertropical Convergence Zone
(ITCZ) during cooling periods in the North Atlantic.
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Abstract: 13 
 14 
We show with multiple luminescence dating techniques that the sedimentary record for Lake 15 
Eyre, Australia’s largest lake, extends beyond 200 thousand years (ka) to Marine Isotope 16 
Stage (MIS) 7. Transgressive clayey sand and finely laminated clays overlying the Miocene 17 
Etadunna Formation in Lake Eyre North document the deep-lake phases of central South 18 
Australia in the past. Until now, unresolved chronology has hampered our ability to interpret 19 
these sedimentary records, which are important for understanding the timing of the wettest 20 
phase of central Australia’s late Quaternary climate. In this study, we apply quartz optically 21 
stimulated luminescence (OSL) dating, thermally-transferred OSL (TT-OSL) dating and K-22 
feldspar post infrared infrared stimulated luminescence (pIRIR) dating to lake-floor 23 
sediments near Williams Point in Madigan Gulf to provide new age constraint for the 24 
lacustrine sediments of Lake Eyre. Methodological studies on quartz and K-feldspar 25 
demonstrate that these luminescence dating procedures are suitable for the Lake Eyre 26 
lacustrine samples and produce consistent replicate ages. A Bayesian model applied to the 27 
new dating results provides a chronological model of lacustrine deposition and shows that the 28 
transgressive clayey sand were deposited 221 ± 19 ka to 201 ± 10 ka and that the deep-water 29 
sediments were laid down in early MIS 6 (191 ± 9 ka to 181 ± 9 ka). We also find evidence 30 
for a potential depositional hiatus in mid MIS 6 and the likely formation of a palaeo-playa 31 
later in MIS 6 from 158 ± 11 ka to 143 ± 15 ka. In contrast, the MIS 5 sediments are 32 
characterised by oscillating deep- and shallow-water lacustrine units deposited 130 ± 16 ka to 33 
113 ± 20 ka. This study is the first of its kind to provide evidence for a wet desert interior in 34 
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Australia beyond the last glacial cycle using comprehensive numerical dating. Our results 35 
show that past deep-lake episodes of central South Australia, which were previously thought 36 
to represent peak interglacial conditions, are actually associated with both warm interglacial 37 
and cold glacial periods, with all the wettest episodes generally coinciding with the 38 
intervening periods between the glacial and interglacial maximums. We assume from these 39 
results that orbital forcing is not a first order control for the long-term dynamics of the Lake 40 
Eyre basin and the Indo-Australian monsoon. The high lake-level events of Lake Eyre are 41 
well correlated with millennial-scale cooling events and stadials of the North Atlantic, and 42 
coincide with weakened episodes/events for the East Asia summer monsoon. This may imply 43 
an important role for the northern high latitudes in influencing the Indo-Australian monsoon, 44 
which may be associated with a southward migration of the Intertropical Convergence 45 
Zone (ITCZ) during cooling periods in the North Atlantic. 46 
 47 
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 50 
1. Introduction 51 
 52 
Australia’s dry interior spans two-thirds of the entire continent, but these desert landscapes 53 
used to be much wetter. Long-term floristic and landscape evidence across much of the arid 54 
zone indicates a progressive drying of the continent since the Miocene (Fujioka and Chappell, 55 
2010) and especially over the last 350 ka (e.g. Bowler, 1982; Kershaw et al. 2007b; Hocknull 56 
et al., 2007; Nanson et al., 2008). However, the timing and causes of Australia’s climatic 57 
extremes, as well as the characteristics of these past variations, remain unclear. Unlike many 58 
parts of the world where tectonic and glacial processes overprint terrestrial palaeoclimate 59 
records, Australia’s landscapes record this long and potentially punctuated shift in aeolian, 60 
fluvial and lacustrine sediment archives (e.g. Bowler et al., 1976; Nanson et al., 1992, 2008; 61 
Hesse et al., 2004; Fitzsimmons et al. 2013; Reeves et al., 2013). Of these archives, lakes and 62 
their related sediments (e.g. lake-floor sediments, palaeolake shorelines, or shore margin 63 
deposits, such as lunettes) are particularly important for hydrological and climatic 64 
reconstructions of Quaternary Australia, because they can often provide longer records 65 
compared to many other types of terrestrial sediments. Geographically distinct lakes can 66 
record the long-term behaviour of different synoptic conditions that bring precipitation to the 67 
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Australian continent, such as the Indo-Australian monsoon and the fronts and depressions 68 
associated with the mid-latitude westerlies. Given this importance, large playa lakes have 69 
been the subject of numerous palaeoenvironmental investigations across the continent in the 70 
past few decades (e.g. Bowler et al., 1998, 2003; Zheng et al., 2003; Magee et al., 2004; 71 
Cupper, 2006; Cohen et al., 2011, 2012; May et al., 2015).  72 
 73 
Deriving a reliable chronology is a key element for interpreting Australian palaeo-lake 74 
records. Although most early studies of Australian lakes were focused on the Holocene and 75 
the last glacial-interglacial cycle, well dated records beyond the last interglacial (~130 ka) 76 
remain rare, mainly because of the absence of suitable dating techniques. Radiocarbon (
14
C) 77 
dating was widely used in early studies for dating lacustrine and lakeshore sediments (e.g. 78 
Magee et al., 1995), but the upper dating range of this method is limited (~50 ka) and the 79 
reservoir effect can be severe for lake deposits (e.g. Hua, 2009). Other dating techniques such 80 
as amino acid racemisation (AAR) and uranium-series dating need specific dating materials 81 
that are not easily encountered in palaeo-lacustrine records. In the last three decades, 82 
thermoluminescence (TL, Aitken, 1985) and optically stimulated luminescence (OSL, 83 
Aitken, 1998) dating techniques, which measure the burial ages of clastic minerals in 84 
sediments such as quartz and feldspar, have become commonly used geochronological 85 
methods for dating late Quaternary shoreline and lacustrine sediments in Australia. Many 86 
studies have demonstrated that TL and OSL dating can provide ages with good accuracy and 87 
precision for lake samples within the last 130 ka (e.g. Magee et al., 1995; 2004; Cupper, 88 
2006; Cohen et al., 2012; 2015). The use of TL or OSL however has its limitations because 89 
the conventional quartz signals (325
o
C TL peak and the ‘fast’ OSL component) saturate early 90 
(~100 – 200 Gy) in most samples, and therefore become less applicable when dating Middle 91 
Pleistocene deposits (e.g. English et al., 2001), unless the dose rates are especially low (e.g. 92 
Bowler et al., 2001; Nanson et al., 2008). 93 
 94 
Recently, various extended-range luminescence dating procedures have emerged which 95 
utilise dating signals with higher dose saturation levels (Yoshida et al., 2000; Fattahi and 96 
Stokes, 2000; Jain et al., 2007; Jain, 2009; Wang et al., 2006; Thomsen et al., 2008). One of 97 
these techniques, termed post infrared infrared stimulated luminescence (pIRIR) dating of K-98 
feldspars (Thomsen et al., 2008; Li and Li, 2011; Buylaert et al., 2012), has received 99 
particular attention as it has been shown to minimise or even completely remove the malign 100 
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effect of anomalous fading (Wintle, 1973; Spooner, 1994) and has yielded accurate ages up to 101 
~300-400 ka (Li et al., 2014a; Arnold et al., 2015). Another increasingly used extended-range 102 
dating method for quartz is the thermally transferred OSL (TT-OSL) procedure (Wang et al., 103 
2006, 2007), which has been shown to be applicable over age ranges that are an order of 104 
magnitude higher than conventional quartz OSL (Duller and Wintle, 2012; Arnold et al., 105 
2015). These dating procedures hold great potential for extending the dating range of 106 
lacustrine sediments in Australia over late and middle Pleistocene timescales; however, 107 
neither has been applied in Australian palaeo-lacustrine contexts previously. 108 
 109 
In this study, we have applied a range of luminescence dating techniques to establish a 110 
detailed chronology for the undated lake floor (lacustrine) sediments of Lake Eyre (officially 111 
named Kati Thanda-Lake Eyre), the largest playa lake in Australia. Lake Eyre is the 112 
depocentre for Australia’s largest internally-draining basin, which covers one seventh of the 113 
Australian continent (Habeck-Fardy and Nanson, 2014). The lake is mainly fed by runoff 114 
derived from monsoon-watered northern Australia. Its sedimentary history and 115 
palaeohydrology therefore constitutes a record of monsoon runoff and allows investigation of 116 
the Australian monsoon throughout the Quaternary (Croke et al., 1999). Previous 117 
chronological studies of the lake have focused on the palaeoshoreline deposits, which have 118 
demonstrated marked high lake stands in Marine Isotope Stage (MIS) 5 and a drying 119 
tendency since the last interglacial and especially after ~ 48 ka (Magee et al., 2004; Cohen et 120 
al., 2015). Magee et al. (1995) inferred that the deep-water lacustrine sediments on the lake 121 
floor, which represent the wettest phase of Lake Eyre during the late Quaternary, might be 122 
MIS 5e in age (the warm peak of the last interglacial). In this study, we apply K-feldspar 123 
pIRIR and quartz TT-OSL dating procedures together with conventional quartz OSL dating 124 
to the lacustrine sediments near Williams Point at Madigan Gulf (Magee et al., 1995). Our 125 
results refine previous interpretations as to when the now dry interior was experiencing peak 126 
wet intervals in the late Quaternary. The new chronology of the lake floor obtained in this 127 
study is combined with the recently published palaeo-shoreline chronology (Cohen et al., 128 
2015) to reconstruct a lake-full history of Lake Eyre since MIS 7. This reconstruction 129 
provides new insights into how the Indo-Australian monsoon has responded to glacial-130 
interglacial cycles and the potential driving force for the intensification of Indo-Australian 131 
monsoon in the late Quaternary.  132 
 133 
5 
 
2. Study site 134 
 135 
2.1. Regional setting 136 
 137 
Modern Lake Eyre is an ephemerally flooded playa in central South Australia 138 
(28° 22′S, 137° 22′E), located at the southwestern margin of the Australia's largest endoreic 139 
drainage system, the Lake Eyre Basin (LEB, 1.2×10
6
 km
2
, Fig. 1a). Lake Eyre has a total area 140 
of 9690 km
2
, and is composed of two basins, Lake Eyre North and Lake Eyre South 141 
connected by the Goyder Channel (Fig. 1b). The climate near the lake is hot and dry. The 142 
mean monthly maximum and minimum temperatures are 28.8°C and 13.3°C, respectively 143 
(Bureau of Meteorology (http://www.bom.gov.au/water/hrs)), and the average annual rainfall 144 
and evaporation are <150 mm and >3600 mm, respectively (Magee et al., 1995). The 145 
maximum depth of the playa is −15.2 m Australian Height Datum (AHD), which represents 146 
the lowest point on the Australian continent (Kotwicki and Allan, 1998). 147 
 148 
As the terminus of the LEB, Lake Eyre is dominantly fed by inflows from the northeastern 149 
rivers−the Cooper Creek and the Georgina-Diamantina River, and less frequently from the 150 
western tributaries of the Neales and Macumba rivers (Figs. 1a and 1b). Since the main 151 
tributaries receive precipitation from the tropics, driven by Indo-Australian summer 152 
monsoon, the filling and drying of Lake Eyre is mainly a reflection of tropical monsoon 153 
intensity. The modern hydrological regime of Lake Eyre is normally dry due to the great 154 
difference between local evaporation and precipitation, and also due to significant 155 
transmission loss of surface water runoff given the low-gradient flow path through 156 
Australia’s central deserts and dunefields (Habeck-Fardy and Nanson, 2014). Lake Eyre fills 157 
today only at times of monsoon enhancement, with the maximum historical filling recorded 158 
in 1974 when the lake level reached ~5 m above the lowest point. During the late Quaternary, 159 
the lake was much wetter than present and the lake level has periodically reached maximum 160 
depths of 25 m (i.e. +10 m AHD) in MIS 5 (Magee et al., 2004; Cohen et al., 2015) and 20 m 161 
(i.e. +5 m AHD) in mid-late MIS 4 (Magee et al., 2004) or early MIS 5 (Cohen et al., 2015). 162 
During some of these high lake stands, Lake Eyre was joined to the Lake Frome-Callabonna-163 
Blanche-Gregory system via the Warrawoocara channel, forming a megalake approximately 164 
ten times larger in area than modern Lake Eyre (Nanson et al., 1998; Cohen et al., 2011, 165 
2012, 2015). This megalake, however, was last recorded at 48 ± 2 ka, and was followed by a 166 
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major hydrological change resulting in the shift to playa-dominated conditions (Cohen et al., 167 
2015). Between the wet phases or lake high-stands, the lake was dry and it has been inferred 168 
that the formation of the ground water-controlled playa resulted in widespread lake-floor 169 
deflation, lowering the lake-floor by more than 4 m below the present floor (Magee et al., 170 
1995; Magee and Miller, 1998). 171 
 172 
Madigan Gulf is the largest bay at the southern end of Lake Eyre North (Fig. 2a). The centre 173 
of the gulf lies below -15 m AHD and Williams Point, which is the focus of this study, is 174 
located at the southern portion of Madigan Gulf (Fig. 2a). Williams Point is represented by a 175 
wave-cut cliff of Quaternary sediments overlying the lake floor (Fig. 2b). The cliff and the 176 
morpho-stratigraphic relationships at Madigan Gulf have been interpreted in the past by King 177 
(1955), Magee et al. (1995) and Magee and Miller (1998) as having been incised by lake-178 
floor deflation during dry lake periods. 179 
 180 
2.2. Stratigraphy of Williams Point and the existing chronology 181 
 182 
The Williams Point sequence and the lake-floor stratigraphy of Madigan Gulf have been 183 
logged thoroughly by Magee et al. (1995). These authors divided the sequence into three 184 
broad sedimentary units from the bottom to the top, which correspond to a deep-water 185 
lacustrine environment, an oscillating deep- and shallow-water lacustrine environment and 186 
lake or playa margin deposits (aeolian sediments), respectively (see Fig. 12 of Magee et al., 187 
1995).The deep-water phase is discriminated from the shallow-water phase based on the 188 
laminated lacustrine clays and the interpreted presence of salinity stratification with predicted 189 
depths beyond wave base. Here, we refine the original description of the lake margin by 190 
Magee et al., (1995) with additional field observations and supplementary cores, as shown in 191 
Fig. 2b. Based on the new cores and the existing interpretation from core 83/6 (see Fig.4 of 192 
Magee et al., 1995), the stratigraphy of Williams Point can be described by three phases from 193 
the bottom to the top: 194 
 195 
Phase 1—lacustrine-dominated phase (-17.4 m to -9.9 m AHD): This sequence is 196 
characterised by a range of facies that extends from the lake-floor into the base of the cliff 197 
outcrop. The lower most part of this sequence (-17.4 m to -13.6 m AHD) is represented by 198 
lake-floor deposits which are composed mainly of thick (decimetre) lacustrine sediments that 199 
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directly overly the Etadunna Formation (Miocene in age) and can be divided into three sub-200 
units. From -17.4 m to -16.7 m AHD, the sediments are mainly composed of grey to light-201 
grey clayey sand bedding which represent the basal transgressive sediments deposited when 202 
the lake began to receive sediment input (units M1 to M3 of Magee et al. 1995); Between -203 
16.7 m and -14.0 m AHD, the sediments are mainly composed of finely laminated (sub mm) 204 
dark-grey or grey clay, which are interpreted to represent deep-water conditions when the 205 
lake was perennially full and to depths that allowed salinity stratification (Unit L3 of Magee 206 
et al., 1995); Between -14.0 m and -13.6 m AHD, the sediments mainly consist of poorly 207 
laminated red brown clay with gypsum layers present and the grain size of this sub-unit is 208 
slightly coarser than the underlying deep water facies. This thin oxidised sub-unit is 209 
interpreted to represent a playa phase when the lake was commonly dry and was not 210 
described in the original 83/6 core by Magee et al., (1995). Above this muddy playa sub-unit 211 
is 3.7 m (-13.6 m to -9.9 m AHD) of light-green grey to light-blue grey clay with facies with 212 
either fine or poor lamination and gypsum horizons periodically present. This sequence 213 
represents the upper portion of the lacustrine sequence and extends from the base of the cliff 214 
outcrop to the lake floor (Fig.2b; units L2 to L1 of core 83/6 in Magee et al., 1995). The 215 
varying light and dark colour of sediments in this part of the lacustrine sequence indicates 216 
oxidising conditions and the thinner laminated lake deposits compared to the lower section. 217 
These sediments are interpreted to represent a mix of deep- and shallow-water lacustrine 218 
environments (mainly shallow-water). 219 
 220 
Phase 2—oscillating deep-water and shallow-water phase (-9.9 m to -3.1 m AHD): 221 
Sediments in this part of the sequence consist mostly of yellow to olive yellow sandy clay or 222 
sand with poor lamination, with occasional interludes of deep-water clay. This unit indicates 223 
a lake or a fluvio-deltaic setting with oscillating water depth. This includes the platy dolomite 224 
and the cliff section lacustrine units of Magee et al., (1995). 225 
 226 
Phase 3—aeolian deposition phase (-3.0 m to +3.8 m AHD): The top stratigraphic unit of the 227 
Williams Point cliff is composed of light-yellow to light-grey gypseous aeolian sand, which 228 
is  heavily pedogenically overprinted. Pelletal clays have been found in the aeolian deposits. 229 
This unit, termed the Williams Point aeolian unit in Magee and Miller (1998), has been 230 
interpreted to represent a period when the lake was dry or drying and the aeolian deposits 231 
were formed due to lake-floor deflation events. 232 
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 233 
Our stratigraphic division indicates a variable lake level and a general drying tendency for 234 
Lake Eyre in the late Quaternary. Magee et al. (1995) chronologically constrained the 235 
Williams Point sequence using multiple dating methods. Based on 
14
C, AAR, U-series and 236 
TL dating, they argued that the Williams Point aeolian unit formed 60-50 ka, and the base of 237 
oscillating deep- and shallow-water phase (phase 2 in this study) corresponded to an age of 238 
92 ka. These authors also provided five 
14
C ages for the deep-water lacustrine phase (phase 1 239 
in this study) between 20 and 45 ka. However, these ages are considered to be unreliable (or 240 
minimum ages at best) since the age of this sedimentary unit greatly exceeds the upper limit 241 
of radiocarbon dating. Magee et al. (1995) tentatively correlated the deep-water lacustrine 242 
phase with the +10 m AHD palaeoshorelines nearby. Based on the OSL ages of these 243 
shorelines, Magee et al. (1995) deduced that the deep-water lacustrine unit was early MIS 5 244 
(i.e. MIS 5e, ~123-130 ka) in age. This initial interpretation now seems unlikely following 245 
recent redating of the +10 m AHD palaeoshorelines. Cohen et al. (2015) have shown that 246 
these high shorelines formed 108 ± 5 ka and 94 ± 4 ka, and were followed by a period at 79 ± 247 
4 ka when Lake Eyre attained its maximum 25m depth. Therefore, the question remains as to 248 
the exact time period represented by the ‘deep-water’ facies of Lake Eyre and in this paper 249 
we address this by focussing on Phase 1 – the lacustrine-dominated phase. 250 
 251 
2.3. The studied core 252 
 253 
In order to provide a reliable chronology for the undated lacustrine phase of the Lake Eyre 254 
sequence, we have retrieved a core from the playa floor adjacent to Williams Point cliff. This 255 
4 m core named LEWP1, ranges from the top of the Etadunna Formation (-17.4 m AHD) to 256 
the modern playa surface (-13.4 m AHD), is also supplemented by LEWP2 (-9.2 m to -13.3 257 
m AHD, a core that links the playa floor core in this study to the exposed sediments in the 258 
cliff, Fig. S1). When combined, these two cores replicate the original core 83/6 from Magee 259 
et al., (1995). We note that no co-ordinates have been provided for the Magee et al. (1995) 260 
83/6 core as it was collected prior to GPS usage. We have therefore estimated the distance 261 
between our core positions and those of 83/6 based on published figures. There is 100 m 262 
between LEWP1 and LEWP2 and we assume that 83/6 is very close to our LEWP 2 core. 263 
The main investigated core (LEWP1) incorporates three sub-units of the deep-water 264 
lacustrine dominated phase (Phase 1, as mentioned above) and also includes a thin modern 265 
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playa sediment layer at the top of the core. From the bottom to the top, the core is composed 266 
of basal transgressive clayey sand (Unit E), deep-water lacustrine clay (Unit D), red brown 267 
playa sediments (Unit C) and surface modern playa sediments (Unit B). Fig. 3 shows a photo 268 
and schematic log of the core. A detailed log of the core is summarised in Table 1. 269 
 270 
3. Sampling and methods 271 
 272 
3.1. Sample collection and preparation 273 
 274 
We collected eleven luminescence dating samples in a vertical sequence from the LEWP1 275 
core (samples LEWP 0.50 to LEWP 3.82 in Fig. 3). The inner non-light exposed sediments of 276 
the core were collected for palaeodose measurements under safe (dim-red) light conditions. 277 
We sampled homogeneous sedimentary units >5 cm and tried to avoid thick gypsum layers 278 
and lithological boundaries within 30 cm of the samples to maximise uniformity for gamma 279 
dose rate calculations. For some samples it was not possible to avoid laminae or lithological 280 
boundaries within the surrounding 30 cm; hence we have incorporated gamma dose rate 281 
contributions from different laminae in the final dose-rate calculations where necessary (see 282 
Supplementary Information (SI)). In addition to the LEWP1 core samples, we collected one 283 
sample (LE14-1) from the base of the Williams Point cliff outcrop with an AHD depth of -284 
10.74 m, which is equivalent to the middle section of the LEWP2 core. This sample is used to 285 
constrain the age of the finely laminated shallow-water lacustrine sub-unit (-13.6 m to -9.9 m 286 
AHD), which is denoted here as Unit A (Fig.S1). A summary of all the dating samples are 287 
given in Table 2. Besides the above mentioned dating samples, two replicate modern samples 288 
(LE-M and LE14-MA1) were also collected from a modern playa layer (Unit B in Fig. 3) for 289 
residual dose evaluation (assuming the samples are water-lain) and one sample LEWP 1.96 290 
was collected in the middle of the LEWP1 core for dose rate evaluation for adjacent samples 291 
(Fig. 3).  292 
 293 
Quartz and K-feldspar grains for equivalent dose (De) evaluation were prepared using 294 
standard separation method (Aitken, 1998, see details in SI). For the LEWP1 core samples, 295 
coarse grains (63-90, 90-180 m) and medium grains (45-63 m) were separated, but the 296 
former was only successfully recovered from a few samples. We mainly used medium grain 297 
size quartz and/or K-feldspar for single-aliquot De measurements using medium aliquots (~4 298 
10 
 
mm). This was in exception to five K-feldspar samples for which the coarse grain size were 299 
measured for detecting partial bleaching using small aliquots (~1 mm, ~40-100 grains, which 300 
are expected to be dominated by < 20 grains, e.g. Reimann et al., 2012). For LE14-1, we were 301 
able to separate sufficient sand-sized (212-250 m) quartz grains, and hence it was possible 302 
to perform single-grain measurements for this sample.  303 
 304 
3.2. Dose rate and equivalent dose determination 305 
 306 
Dose rates and De values were measured in the luminescence dating laboratories of the 307 
University of Wollongong (LEWP1 core samples) and the University of Adelaide (sample 308 
LE14-1) in parallel. Details of the luminescence dating procedures and instrumentation 309 
employed in this study are provided in the SI. Environmental dose rates were determined 310 
using a combination of ICP-OES and ICP-MS for the LEWP1 core samples, and in situ field 311 
gamma-ray spectrometry and low-level beta counting for sample LE14-1. Grain-size 312 
attenuation and long-term moisture content have been taken into consideration in the dose 313 
rate calculations (see SI). In order to detect any secular disequilibrium for the Lake Eyre 314 
samples, we additionally measured the specific activities of radionuclides in the 
238
U and 315 
232
Th decay series for seven samples using high resolution gamma spectrometry (HRGS, 316 
Murray et al. 1987). 317 
 318 
We have applied a range of complementary dating procedures for quartz and K-feldspar De 319 
estimation, using procedures specified in Table S3. For the LEWP1 core samples, we began 320 
with OSL dating of quartz using conventional single-aliquot regeneration (SAR) procedure 321 
(Murray and Wintle, 2000; 2003) (Table S3a). However, due to the antiquity of the LEWP1 322 
core sediments, single-aliquot quartz OSL dating was only applicable to four of the samples, 323 
for which the natural OSL signals are non-saturated (samples LEWP 0.50, 0.89, 1.40 and 324 
3.63). Compared to quartz, K-feldspars generally have much higher saturation dose limits 325 
(Aitken, 1998), and therefore offer greater potential for dating older samples. We have 326 
employed a multi-elevated temperature pIRIR procedure (MET-pIRIR, Li and Li, 2011) 327 
(Table S3b) for single-aliquot K-feldspar dating of all LEWP1 core samples. The pIRIR250 328 
signal, which has been shown to be thermally stable (Li and Li, 2011; Fu et al., 2012), was 329 
used to derive the K-feldspar De values for final age calculation. It is noted that in order to 330 
save machine time, we have applied the standard growth curve (SGC) method of Li et al. 331 
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(2015a, b) for quick De estimation in single-aliquot quartz OSL dating and single-aliquot K-332 
feldspar pIRIR dating. Besides the aforementioned two procedures, we have also applied 333 
single-aliquot TT-OSL dating to six samples from the LEWP1 core for cross checking 334 
purposes (employing the dating procedure of Ademiac et al., 2010; Table S3c). For sample 335 
LE14-1, single-grain OSL dating and single-grain TT-OSL dating were conducted using 336 
procedures shown in Tables S3d and S3e, respectively. The single-grain TT-OSL dating 337 
approach follows on from the reliable application of this procedure at a range of sites (Arnold 338 
et al., 2013, 2015; Arsuaga et al., 2014; Demuro et al., 2014, 2015). 339 
 340 
4. Results 341 
 342 
4.1. Dosimetry 343 
 344 
The dose rates of all the samples are summarised in Table S1 and the observed U, Th and K 345 
contents for the LEWP1 core samples are plotted against their depth in Figure 4a-c. 346 
Generally, the concentrations of Th and K show small variations through the core, with the 347 
exception of the two bottom samples collected from the basal transgressive sediments (LEWP 348 
3.63 and 3.82). These two samples show lower Th and K contents compared to other 349 
samples, which might be attributed to a difference in lithology. In contrast to Th and K, the U 350 
content shows a large variation in the middle part of the core. Unusually high U contents 351 
were observed for two samples at depth of 1.58 m (LEWP 1.58, ~20 ppm) and 1.77 m 352 
(LEWP 1.77, ~9 ppm), which are 2-5 times greater than the adjacent samples (4-5 ppm) 353 
(Table 2). As a consequence, the external dose rate of these two samples is 1.5-2.5 times 354 
higher than their neighbouring samples. 355 
 356 
Based on the sedimentological properties of the deposits at these depths, we interpret the U 357 
content of samples LEWP 1.58 and LEWP 1.77 as uncharacteristically high. The lithology of 358 
the two U-rich samples in the middle part of the core are identical in grain size and structure 359 
to samples above and below. Our dating results (section 4.3) show that the apparent ages of 360 
the two U-rich samples are stratigraphically reversed compared to other samples. Given that 361 
the De estimates for these samples are considered to be robust (section 5.1), it implies the 362 
modern dose rates may not represent the long-term average dose rate for these two samples. 363 
 364 
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It is possible that the high U concentration for these two samples is caused by complex post-365 
depositional uptake of nuclides in the uranium decay series, which is difficult to resolve from 366 
our dosimetric assessments. Different geochemical processes such as carbonate precipitation, 367 
organic accumulation and post-depositional groundwater movement are known to cause 368 
mobile uranium isotopes and their daughter products to move into or out of certain lacustrine 369 
systems (e.g. Krbetschek et al., 1994; Olley et al., 1996, 1997; Preusser and Degering, 2007); 370 
indeed, uptake of U isotopes has been observed elsewhere for playa sediments in Australia 371 
(e.g. Cupper, 2006). In order to investigate the possible impact of carbonate precipitation, we 372 
used X-ray diffraction (XRD) to quantify the carbonate contents of five samples from 373 
different depths of the core. The results show that the two U-rich samples have similar 374 
carbonate content (4-14%) compared to other equivalent sedimentary units. Furthermore, 375 
there are no obvious signs that the organic contents of these two samples are 376 
uncharacteristically high.  377 
 378 
We speculate that groundwater movement may play an important role in the uptake of 379 
unsupported or partially supported U series nuclides for samples LEWP 1.58 and LEWP 380 
1.77, consistent with the interpretations of Preusser and Degering (2007). It is noteworthy 381 
that there are several large uranium mines <300 km to the south and southeast of Lake Eyre 382 
(e.g. the Beverly Uranium Mine, the Olympic Dam Mine). It is possible that, at certain times 383 
in the past, highly U-rich ground water could have migrated to our study site (the lowest 384 
point on the continent) and resulted in transferral of radionuclides to sediments lying in the 385 
vadose zone. Since several of the long-lived uranium series nuclides are soluble, and can be 386 
readily dissolved by groundwater circulation, any such post-depositional uptake is likely to 387 
complicate dose rate assessments. This type of open system behaviour typically manifests 388 
itself as present-day disequilibrium in the U decay series chain when undertaking HRGS 389 
measurements (e.g., Olley et al., 1996; Stokes et al., 2003; Guibert et al., 2009). Figs. 4d and 390 
4e summarise the HRGS specific activity ratios of 
226
Ra/
238
U and 
210
Pb/ 
226
Ra for the seven 391 
LEWP1 core samples (also see Table S2 for detailed data). Interestingly, it can be seen that 392 
the daughter-parent isotopic ratios are consistent with unity for all samples, including the two 393 
U-rich samples, which confirms that their uranium decay chains are in present-day 394 
equilibrium. The fact that these two samples have very high 
238
U, 
226
Ra and 
210
Pb activities 395 
but do not display uranium series disequilibrium could imply a more complex post-396 
depositional uptake history involving influxes of partially supported U series nuclides or 397 
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multiple influxes of unsupported nuclides from both the top and bottom of the decay series. 398 
Such complexities could act to partly or completely mask present-day parental U-series 399 
excesses, depending on the nature, timing and activities of the various radionuclide influxes 400 
in the past. These interpretations remain speculative until further dosimetric measurements 401 
are performed on LEWP 1.58 and LEWP 1.77. However, the uncharacteristically high U 402 
series activities of these two samples provide reasonable grounds for treating their resultant 403 
luminescence chronologies with caution. 404 
 405 
Fig. 4f confirms that the ratio between 
228
Th and 
228
Ra, which are two daughters of 
232
Th, 406 
overlap with unity at 2σ for all samples (i.e., the Th chain is in present-day equilibrium). The 407 
final dose rates calculated for each sample using HRGS measurements are also consistent 408 
with the corresponding results obtained from ICP-MS and ICP-OES measurements (Fig. S2). 409 
 410 
The measured moisture contents are given in Fig. 4g. For all the samples, the moisture 411 
contents are relatively high (~36-50%) and show small variations with depth. We interpret 412 
the relatively uniform moisture content throughout the core to indicate rapid compaction after 413 
accumulation of the deposit. Thus, the variation of moisture content with time is not expected 414 
to be large and should be sufficiently covered by the associated water content uncertainty 415 
term (relative uncertainty = 25%). 416 
 417 
Since eight of our samples were collected from laminated deposits that are surrounded by 418 
inhomogeneous sedimentary matrices (within 30 cm) (e.g. Fig.S3), we have considered the 419 
effects of spatial heterogeneity in gamma dose rates in our age calculations. Special attention 420 
has been paid to gypsum layers thicker than 1 cm, which are likely to impart significant 421 
gamma dose rate effects on adjacent samples. We corrected the gamma dose rate of the eight 422 
samples based on the model of Aitken (1985, p. 289-293, see detail in SI). The water 423 
attenuated gamma dose rates account for ~30-35% of the total environmental dose rates for 424 
these samples. The variation of the gamma dose rate due to the above correction is ~2-25% 425 
(Table S1). Therefore, the gamma dose rate correction changes the total environmental dose 426 
rates by ~1-7% for quartz and ~1-6% for K-feldspar.  427 
 428 
4.2. Luminescence characteristics and De distributions 429 
 430 
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4.2.1. Single-aliquot quartz OSL dating 431 
 432 
A representative quartz OSL decay curve is shown in Fig.S4, which can be seen to exhibit a 433 
dominant fast component. An average recycling ratio consistent with unity at 1 and an 434 
average recuperation of <1% was observed for all of the samples. These results suggest the 435 
sensitivity correction is effective and the impact of charge transfer is negligible. A dose 436 
recovery test (Murray and Wintle, 2003) (see details in SI) yielded a recovered-to-given dose 437 
ratio of 0.95 ± 0.05 (n=20) (Fig.5a), supporting the appropriateness of the selected 438 
measurement conditions. Fig.S5c shows a comparison of the De values obtained using the 439 
SGC method and the conventional SAR method. For all of the four samples, the SGC method 440 
yielded De values consistent with those of the SAR method. This suggests that the SGC 441 
method can be effectively used for single-aliquot OSL De determination in this study (see 442 
further details about the SGC method in SI).  443 
 444 
The overdispersion (OD) value of the four measured samples, calculated using the central age 445 
model (CAM, Galbraith et al., 1999), varies between 16 and 29% (see an example in Fig. 5b). 446 
These values are slightly higher than the global average value of 9 ± 3% published for well-447 
bleached large sized aliquots (Arnold and Roberts, 2009). However, given that the single-448 
aliquot OSL dose recovery test also gives a higher than average OD value of 17% (Fig. 5a), it 449 
is suggested that a large part of this OD originates from intrinsic De scatter associated with 450 
inherent luminescence characteristics and experimental conditions (e.g., Arnold et al., 2012a, 451 
Demuro et al., 2013), rather than issues such as partial bleaching or post-depositional mixing 452 
(e.g., Bailey and Arnold, 2006; Arnold et al., 2008, 2013).  453 
 454 
4.2.2. Single-aliquot K-feldspar pIRIR dating 455 
 456 
Figs.S6a and b show typical IRSL/pIRIR signal decays and corresponding dose response 457 
curves (DRCs) for the five IRSL/pIRIR signals of the MET-pIRIR procedure. For all the 458 
LEWP1 core samples, the sensitivity-corrected natural signals lie far below the signal 459 
saturation levels, and are therefore within the reliable dating range of the pIRIR protocol. The 460 
average recycling ratios for all samples are consistent with unity at 1  and the average 461 
recuperation values are <2%. A dose recovery test (see details in SI) yielded recovered-to-462 
given dose ratios within 10% of unity for all of the five signals (n=5) (Fig. 6a). These results 463 
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confirm the suitability of the MET-pIRIR procedure when applied to a solar bleached and 464 
non-thermally treated sample. Figs. S8a-e compare the De values obtained using the SGCs 465 
and using the full MET-pIRIR. For all signals, the De values derived from the two methods 466 
agree with each other at 1σ (see further details in SI). 467 
 468 
The capability of the MET-pIRIR procedure to isolate a non-fading K-feldspar signal has 469 
been demonstrated across a range of different depositional contexts (Li and Li, 2011; Fu et 470 
al., 2015, 2017; Gong et al., 2014; Li et al., 2014b; Fu, 2014). To confirm the stability of the 471 
pIRIR signal in this study, we measured the anomalous fading rates (Huntley and Lamothe, 472 
2001) for three of our samples following the method of Auclair et al. (2003). These results 473 
reveal an obvious decrease in the anomalous fading rate (g-value normalised to a delay time 474 
of 2 days) with higher IR stimulation temperature, with the average g-value decreasing from 475 
~6-2%/decade for 50°C to ~0-1 %/decade for 250 °C (Fig. 6b). The small fading rate of ~0-476 
1% for the pIRIR250 signal agrees with previous published values for high temperature pIRIR 477 
signals (e.g. Thiel et al., 2011; Buylaert et al., 2012; Arnold et al., 2015). This low fading rate 478 
is commonly regarded as a laboratory artefact rather than an indicator of signal instability 479 
(Buylaert et al., 2012) on the basis of comparisons made with independent age control and 480 
replicate quartz OSL ages. Therefore, we suggest that the pIRIR250 signal in our MET-pIRIR 481 
procedure is unlikely to suffer from fading and that fading correction is not warranted for age 482 
calculation. 483 
 484 
The extent of signal resetting for the K-feldspar samples was evaluated by measuring the 485 
residual dose of a modern analogue sample LE-M (Fig.3). The measured residual doses 486 
increase with higher IR stimulation temperatures, and vary from 1.6 Gy to 10.5 Gy for the 487 
50°C to 250°C MET-pIRIR signals (Fig. 6c). These residual doses are relatively small 488 
compared to the natural De of the LEWP1 core samples (~250-630 Gy), and are consistent 489 
with previously reported values for well-bleached samples (e.g. Buylaert et al., 2011; Li and 490 
Li, 2011; Arnold et al., 2015). Such residuals are suggested to mainly originate from thermal 491 
transfer or non-bleachable signals rather than incomplete bleaching (e.g. Buylaert et al., 492 
2011). The minor residual dose for the MET-pIRIR250 signal was subtracted from the 493 
measured De before age calculation, although it has insignificant impact on the final ages. It 494 
is also possible to assess the extent of signal resetting using the De distribution characteristics 495 
of the five coarse grain samples measured using small aliquots. The OD values for the 496 
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pIRIR250 De range from 9% to 16% (n=9-16) (e.g., Fig.7a), which are within the common 497 
range for well-bleached multi-grain aliquot samples (Arnold and Roberts, 2009). De-T plots, 498 
in which the De values are plotted against the IR stimulation temperatures (Li and Li, 2011), 499 
were additionally used to detect any potential partial bleaching problems with these samples. 500 
For all the LEWP1 core samples, a plateau is observed in the De-T plot between 200 and 501 
250°C (see examples for coarse and medium grains in Figs. 7b and c), suggesting that these 502 
samples were well-bleached before deposition. The presence of age plateaus in the De-T plot 503 
also indicates the non-fading signal has been isolated using the MET-pIRIR procedure (Li 504 
and Li, 2011). 505 
 506 
4.2.3. Single-aliquot TT-OSL dating  507 
 508 
Representative single-aliquot TT-OSL signal decay curve and corresponding DRC are given 509 
in Fig. S10. The sensitivity-corrected natural TT-OSL signal lies within the linear range of 510 
the DRC (Fig. S10c). For the six measured samples, the recycling ratios are consistent with 511 
unity at 1 and the recuperation values are all <2%. A dose recovery test (see details in SI) 512 
yielded a recovered-to-given dose ratio of 0.96 ± 0.07 (n=3) for the single-aliquot TT-OSL 513 
procedure. 514 
 515 
The OD values for the six samples measured vary from 4% to 13% (n=5-7). This small OD is 516 
expected given that medium grain size and 4 mm aliquots were used for De determination. 517 
The inferior bleachability of the TT-OSL signal is borne out by the larger residual dose of 518 
45.6 Gy measured for the modern analogue sample. This residual dose is slightly larger than 519 
published values for aeolian sediments (5-30 Gy, Duller and Wintle, 2012), but it is much 520 
smaller than the value reported for highly turbid fluvial sediments (e.g., Hu et al., 2010; 200-521 
300 Gy). The residual dose of the modern analogue samples is subtracted from the TT-OSL 522 
De before age calculation for all of the samples. The appropriateness of this residual dose 523 
correction is supported by the consistency between the final single-aliquot TT-OSL, OSL and 524 
pIRIR ages (see Section 5.1). 525 
 526 
4.2.4. Single-grain OSL and TT-OSL dating 527 
 528 
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The SAR quality-assurance criteria of Arnold et al. (2013, 2014) were applied for single-529 
grain OSL and TT-OSL dating of sample LE14-1. Fig.S11 shows that the majority of 530 
accepted grains display rapidly decaying OSL and TT-OSL curves (reaching background 531 
levels within 0.5 s). Dose recovery tests (see details in SI) attest to the general suitability of 532 
the single-grain OSL and TT-OSL SAR procedures, yielding recovered-to-given dose ratios 533 
of 1.06 ± 0.03 (OD=15 ± 4%) and 1.07 ± 0.09 (OD=27 ± 6%) for the single-grain OSL and 534 
TT-OSL procedures, respectively (Figs. 8a and 8b).  535 
 536 
The single-grain OSL and TT-OSL De distributions of sample LE14-1 are shown as radial 537 
plots in Figs. 8c and 8d. The OSL De dataset is characterised by moderate dose dispersion 538 
(relative range 2.5), a single dose population that is centred on the weighted mean De value, 539 
and normally distributed De scatter (when tested using the criterion of Arnold and Roberts, 540 
2009; Arnold et al., 2011). The OD value (24 ± 4%) is consistent with that obtained in the 541 
single-grain OSL dose recovery test at 2σ, as well as the global average value for fully 542 
bleached and undisturbed single-grain De datasets (20 ± 1%; Arnold and Roberts, 2009). The 543 
single-grain TT-OSL De dataset shares similar characteristics to its single-grain OSL 544 
counterpart (relative range = 2.3, absence of statistically significant skewness, single dose 545 
population) and a consistent OD value of 34 ± 6% at 2σ. The latter is also comparable to OD 546 
values reported elsewhere for ideal (well-bleached and unmixed) single-grain TT-OSL 547 
samples (e.g., Arnold et al., 2014, 2015; Demuro et al., 2014, 2015; Ollé et al., 2016). These 548 
De characteristics suggest complete resetting of both the OSL and TT-OSL signals before 549 
burial, and they do not reveal any obvious signs of contamination by mixed grain 550 
populations.  551 
 552 
A single-grain TT-OSL residual De value of 10.8 ± 2.1 Gy was obtained for a modern 553 
analogue sample (LE14-MA1) collected ~5 cm beneath the present-day lake floor. This 554 
residual De value is significantly lower than the residual dose obtained for the multi-grain 555 
TT-OSL modern analogue sample (45.6 Gy), suggesting that the latter largely arises from 556 
grain types that are routinely rejected by the single-grain quality assurance criteria. This is 557 
confirmed by examining ‘synthetic aliquots’ created from all of the accepted and rejected 558 
grain types present on each of the LE14-MA1 single-grain discs (equivalent to creating multi-559 
grain aliquots containing 100-grains each). The synthetic aliquot De value of the modern 560 
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analogue sample increases by a factor of four (47.9 ± 7.3 Gy) and is indistinguishable from 561 
that obtained using traditional multi-grain TT-OSL dating (45.6 Gy). 562 
 563 
The single-grain TT-OSL residual De value is significantly smaller than the 2σ TT-OSL De 564 
uncertainties for LE14-1, and there are no obvious signs of partial bleaching in the natural De 565 
distribution of this sample. It is also unclear whether an average residual dose subtraction is 566 
directly applicable to individual grains that are likely to have been variably affected by 567 
different sources and amounts of De overdispersion. Given these issues and complexities at 568 
the single-grain scale, we have opted not to include an additional residual dose subtraction in 569 
the single-grain TT-OSL age estimate of LE14-1. We note, however, that application of an 570 
average residual De subtraction would only decrease the final TT-OSL age of this sample by 571 
~8 ka, which is well within the existing 1σ uncertainty range (Table 2). 572 
 573 
4.3. Chronology   574 
 575 
The final single-aliquot OSL, TT-OSL and K-feldspar pIRIR ages for the LEWP1 core 576 
samples are plotted against depth in Fig. 9, and all dating results are summarised in Table 2. 577 
All the single-aliquot and single-grain ages were calculated using the CAM on the basis of 578 
their De distribution characteristics. In general, the ages of all samples are in stratigraphical 579 
order, except for three samples, LEWP 1.40, 1.58 and 1.77, which are stratigraphically 580 
reversed compared to other samples from Unit D (Fig. 9). Sample LE14-1 (Fig.2) collected 581 
from the upper part of the lacustrine sequence (Unit A) yields OSL and TT-OSL age of 126 ± 582 
10 ka and 141 ± 12 ka and sample LEWP 0.50 (Fig.3) collected from the playa layer in the 583 
LEWP1 core (Unit C) produces OSL, pIRIR and TT-OSL ages of 130-148 ka. Five samples 584 
within the finely laminated deep-water lacustrine unit (Unit D), excluding samples LEWP 585 
1.40, 1.58 and 1.77, gave OSL, pIRIR and TT-OSL ages of 168 to 217 ka, and two samples 586 
collected from the basal transgressive sediments (Unit E) yielded OSL, pIRIR and TT-OSL 587 
ages of 175 to 223 ka. The ages of the samples from the finely laminated deep-water 588 
lacustrine and transgressive sediments units (Units D-E) are statistically consistent at 2. 589 
These consistent ages suggest relatively rapid deposition in a short timeframe for the two 590 
sedimentary phases.  591 
 592 
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The OSL, pIRIR and TT-OSL ages of samples LEWP 1.40, 1.58 and 1.77 are between 102 593 
and 168 ka, and are systematically younger than other samples in the same sedimentary unit 594 
(Fig. 9). The latter two samples, which show the youngest ages, also exhibited abnormally 595 
high U contents in their dose rate evaluations, as detailed earlier (section 4.1). We consider 596 
these two ages to be underestimated due to potential overestimation of long-term dose rates 597 
when calculated using present-day uranium contents. As such, we have cautiously omitted 598 
these two samples from our final chronological discussions. Sample LEWP 1.40 does not 599 
display a particularly high uranium content, but its gamma dose rate is significantly affected 600 
by the adjacent uranium rich sediments of sample LEWP 1.58. This is illustrated by 601 
comparing the age obtained using the ‘uncorrected’ gamma dose rate for sample LEWP 1.40 602 
(i.e. calculated using bulk sediment from the sample position rather than additional sediment 603 
from the surrounding matrix, Table S1). In this case, the OSL and pIRIR ages of LEWP 1.40 604 
increase to 151 ± 14 ka and 175 ± 15 ka, respectively, which are consistent with the ages 605 
obtained for reliable adjacent samples at 2. However, since use of an ‘uncorrected’ gamma 606 
dose rate is considered sub-optimal in spatially heterogeneous sediments, we have also 607 
chosen to reject this sample from further consideration. 608 
 609 
5. Discussion 610 
 611 
5.1. Reliability of different luminescence dating procedures 612 
 613 
The reliability of the multiple dating procedures used in this study can be assessed by 614 
considering the internal diagnostic criteria of the SAR procedures and by inter-comparison of 615 
the replicate dating results. For the three single-aliquot dating procedures listed in Table S3, 616 
the three routine SAR tests — recycling ratio, recuperation and dose recovery (Wintle and 617 
Murray, 2006) — have yielded satisfactory results for all the samples. This indicates the 618 
chosen dating procedures are internally robust. The single-grain dating procedures are 619 
similarly supported by reliable dose recovery test results and the application of 620 
comprehensive SAR quality assurance criteria (Table S4). Inter-comparison of ages obtained 621 
using multiple luminescence dating procedures is increasingly being used as a means to 622 
assess methodological validity and to yield insights into potential issues such as signal 623 
instability and incomplete signal resetting (e.g. Murray et al., 2012; Zander and Hilgers, 624 
2013; Arnold et al., 2015; Demuro et al., 2015; Fu et al., 2015). The latter issue can warrant 625 
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particular attention when undertaking multi-grain dating of water-lain sediments. In these 626 
settings, luminescence signals may be more difficult to bleach due to subaqueous sunlight 627 
attenuation, especially for the more slowly bleached pIRIR and TT-OSL signals (e.g. Lowick 628 
et al., 2012; Kars et al., 2014; Hu et al., 2010). A comparison of three single-aliquot dating 629 
procedures in this study (Fig. 9) shows that the replicate quartz OSL, K-feldspar pIRIR and 630 
quartz TT-OSL ages are all consistent at 1 or 2. It provides support that the quartz OSL 631 
signal and K-feldspar pIRIR signal are sufficiently bleached, and that the multi-grain residual 632 
dose for TT-OSL has been effectively corrected for in our dating procedure. Further support 633 
for sufficient bleaching of the pIRIR signal comes from the homogenous De distributions 634 
(Fig. 7a) and the presence of plateaus in the De-T plots (Figs. 7b and c). Based on these 635 
results, it is concluded that partial bleaching is unlikely to be a significant problem for the 636 
multi-grain Lake Eyre samples.  637 
 638 
It is worth noting that many of the aliquots measured in our quartz OSL dating study 639 
exhibited relative high natural doses that were close to, or above, the 2D0 (characteristic 640 
saturation dose) limit. According to the suggestion of Wintle and Murray (2006), such 641 
aliquots may exceed the upper limit of precise OSL dating if the DRCs are fitted using a 642 
single saturating exponential growth function (but see discussions in Arnold et al., 2016). 643 
Importantly, however, Fig.S5b indicates that the single-aliquot OSL DRCs of our samples are 644 
better fitted using a saturating exponential plus linear function, which permits reasonably 645 
precise De calculation over high dose ranges exceeding the 2D0 limit. An additional linear or 646 
second exponential growth component has been widely observed in previous studies, but the 647 
reliability of multi-grain OSL dating over high dose ranges is still debated (e.g., Arnold et al., 648 
2016). For instance, Murray et al. (2008) and Pawley et al. (2008) reported ages derived from 649 
an additional linear component in the high dose region (Devalues up to 400 Gy), which were 650 
consistent with independent age control. In contrast, several other studies have reported 651 
significant multi-grain OSL age underestimation when deriving natural doses from the linear 652 
high dose region (e.g. Lowick et al., 2010; Timar et al., 2010; Chapot et al., 2012). These 653 
variable outcomes suggest that the reliability of multi-grain OSL dating over high dose 654 
ranges is sample dependent. The consistent replicate ages obtained using quartz OSL and 655 
other single-aliquot protocols in this study (Fig. 9) seems to suggest that suitable OSL ages 656 
can be derived from the linear high dose region for the Lake Eyre samples. This is further 657 
supported by the single-grain dating study performed on sample LE14-1. The single-grain 658 
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TT-OSL age of 141 ± 12 ka for this sample is statistically indistinguishable from the 659 
corresponding single-grain OSL age of 126 ± 10 ka. The agreement between these two 660 
single-grain techniques suggests that the OSL age is not limited by either the effects of dose 661 
saturation (consistent with the low proportion of rejected saturated grains in this sample; 662 
Table S4) or inaccurate De estimation over mean dose ranges of 150-200 Gy. 663 
 664 
There is some debate about the thermal stability of the multi-grain TT-OSL signal over 665 
extended burial periods, with current evidence potentially suggesting inter-sample variations 666 
in electron retention lifetimes. Adamiec et al. (2010) reported a laboratory measured lifetime 667 
of 4.5 Ma at 10 °C for the TT-OSL signal of their samples. A similar TT-OSL lifetime was 668 
reported by Li and Li (2006; 3.9 Ma at 10 
o
C), though both higher and lower multi-grain TT-669 
OSL lifetimes have been reported elsewhere for different samples and different laboratory 670 
techniques (e.g., Shen et al., 2011: 0.24 Ma at 10 
o
C; Brown and Forman, 2012: 943 Ma at 10 671 
o
C). Several of these lifetime assessments suggest that, for some samples at least, the multi-672 
grain TT-OSL signal is insufficiently stable for reliable dating over late or middle Pleistocene 673 
timescales, and thus it may be worth considering a thermal stability correction when 674 
calculating final TT-OSL ages. However, recently Arnold et al. (2015) summarised a global 675 
TT-OSL database of 82 known-age samples up to 1000 ka and found that the thermally 676 
uncorrected TT-OSL ages show good overall agreement with independent age control or 677 
comparative ages. This implies that the laboratory-derived TT-OSL trap parameters may not 678 
necessarily be representative for a large number of empirical dating samples; thus the need 679 
for a TT-OSL thermal instability correction should be assessed on a sample-by-sample basis.  680 
 681 
In this study we did not directly measure the TT-OSL trap lifetime of our samples and we 682 
have not applied a pre-existing thermal stability correction to the final single-aliquot TT-OSL 683 
ages, owing to the large (typically unreported) uncertainties associated with published 684 
laboratory lifetime calculations and difficulties in assessing long-term average burial 685 
temperatures. However, for illustrative purposes, it is worth considering the effect of 686 
applying a hypothetical thermal stability correction to our TT-OSL datasets based on the trap 687 
parameters of Ademiec et al. (2010). The modern annual ground temperature at the Williams 688 
Point at depth of 1-5m is ~23-24°C according to Baggs (1983) (based on maximum and 689 
minimum average). Considering a lower average temperature during the last 230 ka, an 690 
assumed long-term average burial temperature of 20 °C was used for TT-OSL thermal 691 
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stability correction, using a first order equation of Adamiec et al. (2010) and Duller et al. 692 
(2015) (see details in SI). The thermally corrected TT-OSL ages obtained using this method  693 
are ~10-25% higher than the corresponding uncorrected TT-OSL ages, but they are still 694 
consistent with the uncorrected TT-OSL ages at 1 or 2. Moreover, both the corrected and 695 
uncorrected TT-OSL ages are statistically indistinguishable from the replicate pIRIR ages of 696 
each sample at 2(Table S5). Therefore, these results appear to support the overall validity 697 
of our uncorrected multi-grain TT-OSL ages. It is acknowledged that the TT-OSL residual 698 
dose subtraction and thermal stability correction exert opposing effects on the final age; 699 
hence overestimation of the residual dose combined with over-correction of thermal 700 
instability may yield an apparently reliable age, and vice versa. However, we consider it 701 
unlikely that these potentially opposing effects could counteract each other for all six 702 
samples, particularly as the samples span a relatively broad age range. 703 
 704 
Likewise, we have not applied a thermal stability correction to the single-grain TT-OSL age 705 
of LE14-1 because we cannot be confident that existing (multi-grain aliquot) laboratory 706 
lifetime predictions are of direct relevance to the specific grain populations isolated in our 707 
single-grain analysis. Arnold and Demuro (2015) have shown that multi-grain assessments of 708 
TL signal loss may provide limited insights into single-grain TT-OSL source trap lifetimes 709 
due to averaging effects, the dominance of grain populations that do not produce TT-OSL, 710 
and interference from slowly bleaching OSL components. Single-grain TT-OSL studies 711 
performed on known-age samples that contain thermally unstable grain populations have also 712 
revealed the presence of multiple dose components and enhanced De scatter (e.g., Arnold et 713 
al., 2015; Arnold and Demuro, 2015); neither of these problems are apparent in the single-714 
grain TT-OSL De dataset of LE14-1. 715 
 716 
In contrast to the single-aliquot OSL and TT-OSL dating results, the pIRIR ages are 717 
relatively straightforward to interpret vis-à-vis potential issues of signal saturation and long-718 
term signal stability. For all of the LEWP1 core samples, the natural pIRIR signals lie well 719 
below the DRC saturation levels (e.g., Fig. S6b). The anomalous fading problem is also 720 
shown to be effectively circumvented by applying the MET-pIRIR procedure, as indicated by 721 
the negligible g-values for the 250 °C MET-pIRIR signal (Fig. 6b) and the presence of a De 722 
plateau in the De-T plots (Figs. 7b and c). Based on these considerations, and the fact that the 723 
pIRIR procedure is the only technique that was systematically applied to all eleven of the 724 
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LEWP1 core samples, we place greatest emphasis on the pIRIR dating results for age 725 
evaluation purposes. However, we reiterate that, in general, the three multi-grain dating 726 
procedures used in this study all yield reliable dating results, and the quartz OSL and TT-727 
OSL ages provide suitable cross-checks for the pIRIR ages. In addition to the multi-grain 728 
pIRIR ages for core LEWP1, we have included both the single-grain OSL and TT-OSL ages 729 
of sample LE14-1 in our final age considerations since (i) both are based on De assessments 730 
made at the most fundamental (individual grain) scale and therefore have been exclusively 731 
derived from grain types that have demonstrably suitable luminescence characteristics, and 732 
(ii) both the OSL and TT-OSL methods are considered to provide equally reliable single-733 
grain age estimates for this particular sample. 734 
 735 
5.2. Refining the age framework using Bayesian modelling 736 
 737 
In order to improve the precision of our chronological framework and to derive combined 738 
ages and sedimentation rates for individual depositional units, we have constructed a 739 
Bayesian age-depth model for the lacustrine sequence using OxCal v4.2 (Bronk Ramsey, 740 
2009a). The Bayesian modelling approach incorporates relative stratigraphic information 741 
(priors) and numerical dating distributions (likelihoods) to generate combined (posterior) 742 
chronological datasets for specified events, depths, and units (e.g. Rhodes et al., 2003; Bronk-743 
Ramsey et al., 2015). The Lake Eyre Williams Point Bayesian model was constructed using a 744 
Poisson process depositional model (P_Sequence model: Bronk-Ramsey, 2009a; Bronk-745 
Ramsey and Lee, 2013), which allows for randomly variable deposition rates through the 746 
age-depth profile. For our sedimentary sequence, the base rigidity parameter (k0 – which 747 
controls the ability of the model to respond to variations in the prior and likelihood data, and 748 
hence variations in deposition rate) was set to be 1 event per cm of sedimentation. This 749 
parameter was allowed to vary over a factor of 10
-2
 to 10
2
 (i.e., 0.01 to 100 events per cm) to 750 
accommodate any major fluctuations in deposition rate supported by the data. To generate a 751 
high-resolution age-depth model, posterior dated events were automatically interpolated at 1 752 
cm intervals throughout the sequence. The P_Sequence model was run with the general 753 
outlier function (Bronk-Ramsey, 2009b), and prior outlier probabilities of 5% were equally 754 
assigned to all dating samples to identify potentially significant statistical outliers. Likelihood 755 
estimates that yielded posterior outlier probabilities >5% were not excluded from the final 756 
model but were proportionally down-weighted in the iterative Monte Carlo runs, thereby 757 
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producing an averaged chronological model (Bronk-Ramsey, 2009b). As detailed in Section 758 
5.1, the K-feldspar pIRIR ages of eight LEWP1 core samples were included as likelihoods 759 
(excluding samples LEWP 1.40 1.58 and 1.77, which exhibited potentially complicating dose 760 
rates), along with the weighted average single-grain OSL and TT-OSL age of LE14-1. The 761 
latter was calculated using the combine function after excluding all shared systematic error 762 
terms, following Hammet al. (2016). The additional component of shared systematic 763 
uncertainty was subsequently added in quadrature to the combined age for LE14-1, yielding a 764 
weighted average optical age of 131.6 ± 9.1 ka for Bayesian modelling purposes. 765 
 766 
Two modelling scenarios were tested for the lacustrine sequence: Model 1 (continuous 767 
deposition scenario) assumes continuous lacustrine deposition through time without any 768 
major hiatuses or erosional events between identified sedimentary units; whereas Model 2 769 
(non-continuous deposition scenario) does not presume continuous lacustrine deposition, and 770 
is able to accommodate potential hiatuses and / or erosional discontinuities between the 771 
various sedimentary units. Unit boundary depths were kept the same in both models for 772 
consistency (as in Table 1). The OxCal date and difference functions (Bronk-Ramsey, 2009a) 773 
were used to calculate the age / duration of each stratigraphic unit and potential hiatuses 774 
between sedimentary deposits (Model 2), using the posterior probabilities of the upper and 775 
lower boundaries. Further details about running the two models are given in SI.  776 
 777 
The calculated age ranges of each stratigraphic unit reveal relatively minor differences 778 
between the two modelling scenarios (results for Model 1are summarised in Table S6, Table 779 
S7 and Fig.S12; results for Model 2 are summarised in Table 3, Fig. 10 and Table S7). The 780 
main difference between the two modelling results is the identification of a potential 23 ka 781 
depositional hiatus between Units D and C (181-158 ka) in Model 2 (see below). In order to 782 
assess the statistical validity of the modelling results, we have used the model agreement 783 
index (Amodel), which measures the overlap between the measurement data and the modelled 784 
posterior distributions as a whole, and the overall agreement index (Aoverall), which is a 785 
product of the individual agreement indices (Ai: correspondence between individual 786 
likelihood and posterior distributions) for each modelled dating sample (Bronk-Ramsey, 787 
2009a) (see details in SI). The higher Amodel and Aoverall values of 71 and 76% for Model 2 788 
compared to corresponding values of 46 and 55% for Model 1 indicate the former has a better 789 
agreement with the original chronological data.  790 
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 791 
We favour Model 2 for reconstructing the final lacustrine chronological sequence at Williams 792 
Point based on its superior diagnostic indicators, and the fact that the stratigraphic assumption 793 
of this model (a probable discontinuous deposition) is in better accordance with 794 
sedimentological interpretations for the LEWP1 core and the broader Lake Eyre record 795 
(Magee et al., 1995; Cohen et al., 2015). The Bayesian modelling results for Model 2 (Table 796 
3, Fig. 10) show that the 1σ ranges of the posterior likelihood distributions are reduced by an 797 
average of 34% for this model when compared with the original dating sample uncertainties. 798 
Minor stratigraphic reversals in the original likelihood distributions have also been refined in 799 
accordance with the specified modelling priors. The model returned mean boundary ages of 800 
221.3 ± 18.8 ka to 200.6 ± 10.3 ka for the basal transgressive sediments (Unit E), 191.1 ± 8.6 801 
ka to 180.8 ± 9.0 ka for the finely laminated deep-water lacustrine phase (Unit D), 157.8 ± 802 
10.9 ka to 142.8 ± 14.5 ka for the palaeo-playa deposits (Unit C), and 130.0 ± 16.4 ka to 803 
113.1 ± 19.8 ka for the upper part of the lacustrine unit, representing shallowing water 804 
conditions (Unit A) (Table 3). It is noteworthy that Model 2 has identified several potential 805 
gaps between different sedimentary units (Fig. 10 and Table 3). However, only one of these 806 
time gaps (the gap between Units C and D) is considered statistically significant at the 95% 807 
confidence level according to the OxCal difference query. The other age gaps are not 808 
statistically significant at the 95% CI, and thus represent potential periods of non-deposition 809 
that cannot be resolved beyond our existing dating uncertainties and / or reflect gaps in the 810 
temporal coverage of our empirical likelihood datasets. The changes in stratigraphy and 811 
presence of a sharpstratigraphic/sedimentological boundary between Units D and C (Fig.3) 812 
support the general validity of the temporal gap identified by Model 2. From a geological 813 
perspective, it has been suggested previously that deflation events can happen at Lake Eyre, 814 
which would result in a discontinuous preserved sedimentary record (e.g. Magee et al., 1995, 815 
2004). In contrast to the Unit C and Unit D boundary, the upper boundary of Units E and the 816 
lower boundary of Unit D are considered to be chronologically consistent at 68% CI. Again, 817 
this modelling outcome is consistent with field observations as the core sediments suggest a 818 
gradual transition from the previous transgressive phase into the deep-water lacustrine stage 819 
(Fig. 3), as previously highlighted by Magee et al. (1995). Therefore, we interpret that 820 
deposition between Unit E and Unit D was either broadly continuous, or was separated by a 821 
relatively minor hiatus that was shorter than the uncertainties on our likelihoods and posterior 822 
boundary age distributions. 823 
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 824 
The average sedimentation rates of these four units (from bottom to top) are 0.04, 0.26, 0.03 825 
and 0.22 m/ka using the posterior boundary age distributions, suggesting that deposition was 826 
relatively fast during both the deep-water and shallow-water lacustrine phases (Fig. 10).  827 
 828 
5.3. Chronology and correlation of lacustrine sequences in Lake Eyre 829 
 830 
To date, the most comprehensive sedimentological study of the Madigan Gulf was 831 
undertaken by Magee et al. (1995), as part of the decade-long Salt Lakes, Evaporites and 832 
Aeolian Deposits (SLEADS) program. In that study, Magee et al. (1995) attempted 833 
correlation of different lacustrine cores on sedimentological grounds (see positions of the 834 
cores in Fig. 2a). However, they identified the need for direct numerical dating of lacustrine 835 
sediments in the Madigan Gulf – an issue that has been addressed in the current study for part 836 
of the original research area. A number of fundamental insights into Lake Eyre were provided 837 
by the SLEADS program, including the depth to the Miocene Etadunna Formation, the 838 
presence of finely laminated lacustrine sediment sequences, and the presence and thickness of 839 
a buried halite layer in the central part of the playa. Earlier interpretations invoked that the 840 
buried halite layer (0.5 – 1.0 m thick) was Last Glacial Maximum (LGM) in age and that the 841 
underlying laminated lacustrine sequences were MIS 5 in age. Our numerical dating study 842 
has shown that the transgressive clayey sand that overlies the Miocene Etadunna Formation 843 
are 221 – 201 ka (MIS 7). These latest chronological results suggest that earlier 
14
C ages 844 
obtained on the lacustrine sequences were most likely contaminated with modern carbon.  845 
 846 
Deflation has previously been presented as an important mechanism for explaining the 847 
morpho-stratigraphic relationships in Lake Eyre, including the raised elevation of lacustrine 848 
sequences on the playa margin (King, 1955; Magee et al., 1995) and the uniformity of the 849 
truncated laminated lacustrine sequence in the playa at – 17.4 m AHD (Magee et al., 1995). It 850 
is possible that the playa muds dated in the upper part of LEWP1 core (late MIS 6; 158-143 851 
ka) correlate with playa muds recorded at other core locations in Madigan Gulf. These playa 852 
muds in central Madigan Gulf also underlie a one metre halite crust, which suggest that one 853 
or both of these units correspond to the drying of Lake Eyre in late MIS 6. The lack of 854 
laminated lacustrine material in the central playa and the absence of the halite unit in LEWP1 855 
or LEWP2 suggests that the upper part of the lacustrine sequence (Unit A: -9.9 m to -13.6 m 856 
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AHD; 130-113 ka) may have been removed from the central playa in subsequent deflationary 857 
episodes, potentially during the LGM when the buried halite was formed. This scenario 858 
however would require up to 6 – 7 m of deflation since the deposition of the upper part of the 859 
lacustrine sequence.  860 
 861 
It is clear, however, that our ages of the transgressive clayey sand (Unit E) suggest that any 862 
deflation to the Miocene Etadunna formation occurred prior to MIS 7. This implies either a 863 
major erosional event in MIS 8–7 that removed pre-existing lacustrine material or, 864 
alternatively, there was a period of non-deposition lasting from ~5 Ma to ~220 ka. The latter, 865 
however, seems improbable based on the presence of the widespread fluvio-lacustrine 866 
sequences of both the Tirari, Kutjitara and Katipiri formations that are Pliocene-Pleistocene 867 
in age (Tedford et al., 1992; Nanson et al., 2008). Indeed, the presence of lacustrine material 868 
> 264 ± 26 ka (Miller et al., 2016) at the nearby Fly Lake (30 km NNE of our core location; 869 
Fig. 2a) suggests that lacustrine facies of the same age, or older than those we examined, 870 
overly the Etadunna Formation. The question therefore becomes whether Madigan Gulf 871 
obtained its modern position and geometry in MIS 8–7 onwards or whether indeed 872 
widespread deflation/erosion of the lacustrine material occurred in MIS 8.  873 
 874 
Our new chrono-stratigraphic sequence, particularly the absence of preserved post-MIS 5 875 
lacustrine deposits on the playa margin at Madigan Gulf, also support the interpretation that 876 
playa deposition within the last glacial cycle would have been restricted to the central playa 877 
alone or elsewhere in Lake Eyre. The lack of evidence for lake-floor deposition during the 878 
MIS 5 – 3 mega-lake phases of Magee et al., (2004) or Cohen et al. (2015) may suggest that 879 
these high lake-stands were either short-lived mega-lake phases or that deposition in these 880 
intervals occurred in other localities (either Belt Bay or proximal to the main tributaries of the 881 
Warburton and Cooper Creek; sensu Dulhunty, 1989). Alternatively, a third possibility is that 882 
lake-floor deposits from MIS 5 – 3 have subsequently been removed from the central playa in 883 
MIS 2 during any lake-floor deflation. 884 
 885 
5.4. Late Quaternary palaeohydrological history for Lake Eyre based on the Williams 886 
Point records and Cohen et al. (2015) 887 
 888 
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The new chronostratigraphy of the Williams Point sequence can be combined with the 889 
recently published palaeo-shoreline chronology (Cohen et al., 2015) to reconstruct a new 890 
lake-full history of Lake Eyre in the late Quaternary. These results suggest a highly variable 891 
palaeohydrological history since the onset of lake deposition, which can be broadly divided 892 
into six stages based on fluctuating lake/water depth (Figs. 11a-f, Figs.12a and b). 893 
 894 
MIS 7 transgressive stage (221 ± 19 ka to 201 ± 10 ka, Fig. 11a): The onset of a major 895 
lacustrine phase is marked by the deposition of the basal transgressive clayey sand at 896 
Williams Point estimated to have occurred between 221 ± 19 ka to 201 ± 10 ka. The poorly 897 
laminated structure and coarser grain size of the transgressive sediments, together with the 898 
absence of a coeval high palaeoshore record for Lake Eyre, potentially indicate a shallow 899 
water deposition environment at this time. During the same period, alluvial activity in the 900 
Lake Eyre Basin and northern Australia was pronounced, as indicated by abundant dated 901 
alluvium deposits in the region (Katipiri Formation, Nanson et al., 1992; 2008). The 902 
relatively wet climate and increased runoff may have triggered a transition from lake-floor 903 
deflation to accretion after 220 ka, forming the late Quaternary and Miocene unconformity at 904 
the bottom of the Williams Point sequence. 905 
 906 
Early MIS 6 deep-water lacustrine stage (191 ± 9 ka to 181 ± 9 ka, Fig. 11b): From late 907 
MIS 7 to early MIS6, the sediments at the Williams Point represent a transition from 908 
transgressive phase into a deep-water lacustrine phase. The presence of a major lacustrine 909 
phase in early MIS 6 was marked by deposition of a thick sequence of finely laminated clay 910 
(Unit D3-D1) at Williams Point between 191 ± 9 ka and 181 ± 9 ka. The thickness and 911 
uniqueness of this sedimentary layer suggests perennial lacustrine conditions of sufficient 912 
depths to allow salinity stratification. Currently there are no dated palaeo-shorelines of Lake 913 
Eyre correlating to this lacustrine phase, which may well be due to poor preservation of these 914 
shoreline sediments (now masked by an aeolian mantle). However, it is feasible that the 915 
undated shorelines around the lake, such as those near Muloorina at ~25 m and ~35 m AHD 916 
(Nanson et al., 1998), may correlate to the MIS 6 lacustrine phase recorded at Williams Point. 917 
In monsoon-influenced northern Australia, Bowler et al. (1998, 2001) have reported lake 918 
expansion periods for Lake Woods and Lake Gregory at 180 ka and 200 ka, respectively. 919 
Both of these lake expansion events are comparable in age with the lacustrine sediments in 920 
Lake Eyre.  921 
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 922 
Late MIS 6 playa stage (158 ± 11 ka to 143 ± 15 ka, Fig. 11c): The Bayesian modelling in 923 
this study has identified a potential depositional hiatus in mid MIS 6. The presence of the 924 
muddy playa unit (Unit C), which we term the palaeo-playa, indicates that the late MIS 6 lake 925 
level was much lower than during early MIS 6. The absence of high beach ridges in Lake 926 
Eyre (Cohen et al., 2015), Lake Woods (Bowler et al., 1998) and Lake Gregory (Bowler et 927 
al., 2001) during this period all suggest that late MIS 6 was a relatively dry interval in 928 
monsoon-influenced northern Australia.  929 
 930 
MIS 5 deep- and shallow-water oscillating stage 1 (130 ± 16 ka to 69 ± 10 ka, Fig. 11d): A 931 
synthesis of the Williams Point sequence (Unit A) and published palaeo-shoreline records 932 
indicate that the lake-level of Lake Eyre was highly variable during MIS 5; although the 933 
available chronological data remain discrete, and the resolution of existing age control is not 934 
sufficient enough to further precisely differentiate the timing of individual wet and dry 935 
phases. The earliest sub-stage of MIS 5 (MIS 5e), which represents the temperature and sea 936 
level maxima of the last interglacial, is characterised by a shallow-water lacustrine unit at the 937 
bottom of the Williams Point cliff (Unit A) however no high palaeoshorelines of equivalent 938 
age have been dated in this time interval.. During MIS 5b to MIS 5a, Williams Point records 939 
an oscillating deep- and shallow-water lacustrine or fluvio-deltaic phase (TL/AAR dated 940 
between 92 ± 7 ka and 69 ± 10 ka by Magee et al., 1995). Three lake-full phases in MIS 5d to 941 
MIS 5a were marked by around +10 m AHD beach ridges aged at 108 ± 5 ka, 94  ± 4 ka and 942 
79  ± 4 ka respectively (Fig. 12b), indicating the lake has attained high-stand lake-full status 943 
(~25 m deep) during middle to late MIS 5. The high lake-levels of Lake Eyre in middle to 944 
late MIS 5 are in accordance with the highest beach ridges of Lake Woods at 96 ka (Bowler 945 
et al., 1998), Lake Gregory at 100 ka (Bowler et al., 2001) and Lake Frome at 110-88 ka 946 
(Cohen et al., 2011; 2012). Reeves et al. (2008) also reported marked fluvial activity at the 947 
Gulf of Carpentaria during MIS 5d and 5a. Similarly, Nanson et al. (2008) reported that the 948 
most widespread fluvial deposition event in northern Australia during the last glacial cycle 949 
occurred between 120 and ~ 80 ka (another phase of the Katipiri Formation). These results 950 
collectively indicate that the wettest phase of the last glacial cycle was between middle and 951 
late MIS5, rather than early MIS 5 as has been previously suggested (e.g. Magee et al., 1995). 952 
 953 
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Early MIS 3 deep- and shallow-water oscillating stage 2 (60 ± 2 ka to 48 ± 2 ka, Fig. 11e): 954 
Sedimentary records for MIS 4 are relatively rare for Lake Eyre itself, which may indicate a 955 
variable climate or one dominated by shorter-lived extremes. A range of +5 m AHD beach 956 
ridges have been dated to 60 ± 2 ka, 56 ± 2 ka and 48 ± 2 ka (Fig. 12b), suggesting that the 957 
lake had reached high levels in early MIS 3, but not as high as that of MIS 5. Beach ridges 958 
formed during early MIS 3 have also been discovered at Lake Woods and Lake Gregory 959 
(Bowler et al., 1998, 2001), while there is also evidence for a pluvial episode in northern 960 
Australia at this time (Nanson et al., 2008). For all of these lake catchments, the early MIS 3 961 
palaeoshoreline levels are lower than their middle to late MIS 5 counterparts, indicating that 962 
early MIS 3 was not as wet as middle to late MIS 5 and was also characterised by widespread 963 
dune building phases in the Strzelecki and Tirari Deserts (Fitzsimmons et al., 2007). 964 
 965 
Middle MIS 3 and onwards – playa dominated stage (<48 ka, Fig. 11f): After early MIS 3, 966 
the lake entered a prolonged drying phase. There is no evidence for beach ridges significantly 967 
above the modern lake filling range after 48 ka, and the lake appears to have been dominated 968 
by playa conditions until the present, with only minor episodic filling events (Cohen et al., 969 
2015). 970 
 971 
In summary, the palaeohydrological history of Lake Eyre reflects an overall drying trend with 972 
oscillating wet phases since MIS 7, which agrees well with various landscape and floristic 973 
records on or around the continent (e.g. Bowler, 1982; Kershaw et al. 2003; 2007b; Nanson et 974 
al., 2008). Importantly, our results show that Australia’s wet episodes can be linked to both 975 
glacial and interglacial periods. This represents a significant advancement in understanding 976 
over early studies, which have suggested that aridity in Australia is generally associated with 977 
glacial intervals whereas humidity is associated with interglacials (e.g. Nanson et al., 1992; 978 
Croke et al., 1999; Hesse et al., 2004; Magee et al., 2004; Kershaw et al., 2003; 2007a). In the 979 
last two decades, an expanding dataset has shown that the wetting and drying of northern and 980 
central Australia are not necessarily in phase with temperature changes (e.g. Kershaw and 981 
Nanson, 1993; van der Kaars et al., 2006; Moss and Kershaw, 2007; Nanson et al., 2008; 982 
Fitzsimmons et al., 2013; Cohen et al., 2015). The most distinct evidence for this trend is a 983 
lack of substantial lake expansion in MIS 5e and the Holocene, the two warmest time periods 984 
recorded in the last 200 ka. This growing evidence suggests a more complicated driving force 985 
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for moisture delivery to north and central Australia and highlights the long-term dynamics of 986 
the Indo-Australian monsoon. 987 
 988 
5.5. Implications for the drivers of Indo-Australian monsoon 989 
 990 
The main driving force of the Indo-Australian monsoon remains controversial. Some 991 
palaeoclimate model experiments (Chappell and Syktus, 1996; Wyrwoll and Valdes, 2003; 992 
Wyrwoll et al., 2007) and pollen records (Kershaw et al., 2003) have suggested a dominant 993 
control of Southern Hemisphere summer insolation on the intensity of the monsoon. In 994 
contrast, other modelling studies (e.g. Miller et al., 2005) have argued for a Northern 995 
Hemisphere insolation dominant pattern, which takes effect through the strengthening and 996 
weakening of air out flowing from the Siberian High. The importance of variations in sea-997 
level and sea surface temperature has also been identified by some studies as a fundamental 998 
driver for the strength of the monsoon (Marshall and Lynch, 2008; Griffiths et al., 2009; 999 
Denniston et al., 2013). At a millennial timescale, high resolution records from stalagmite 1000 
and marine sediments in Indonesia (Griffiths et al., 2009; Muller et al., 2012; Ayliffe et al., 1001 
2013), northwest Australia (Denniston et al., 2013) and records from Lynch’s Crater in 1002 
northeast Australia (Turney et al., 2004; Muller et al., 2008) have documented several Indo-1003 
Australian monsoon intensification events coinciding with cold intervals in the North Atlantic 1004 
(such as Henrich stadials and the Younger Dryas), a response that is anti-phased with the East 1005 
Asian summer monsoon. This phenomenon was explained as a result of a southward shift of 1006 
the Intertropical Convergence Zone (ITCZ) during the cooling episodes of the high northern 1007 
latitudes, leading to an austral displacement of the Indo-Australian monsoon and a weakening 1008 
(strengthening) of the East Asian summer (winter) monsoon (e.g. Muller et al., 2008; 1009 
Griffiths et al., 2009; Denniston et al., 2013). 1010 
 1011 
The new chronology for Lake Eyre allows for a more robust and absolute comparison of peak 1012 
wet phases with other long climate records, and to assess the possible driving force for the 1013 
Indo-Australian monsoon. These new chronologies are compared with the January insolation 1014 
at 15°S (a latitude that represents current oceanic moisture sources for the Indo-Australian 1015 
monsoon), the Antarctic temperature record, and the East Asian summer monsoon 1016 
stalagmites records in China (which records both orbital forcing of the north hemisphere and 1017 
sub-orbital millennial-scale events) in Fig. 12. Enhanced monsoon events, as indicated by the 1018 
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deep-water lacustrine sediments at Williams Point or the elevated palaeoshorelines (grey bars 1019 
in Fig. 12), correlate poorly with summer insolation maxima in tropical Australia (Fig. 12c), 1020 
suggesting Southern Hemisphere summer insolation is a poor predictor for the Indo-1021 
Australian monsoon. When compared with the Antarctic temperature record (Fig. 12 d), both 1022 
the early deep-water phase (MIS 6) and the later megalake episodes suggest the wettest 1023 
periods are broadly in accordance with the intervening periods between the glacial and 1024 
interglacial maximums, and that peak inter-glacial conditions show limited evidence of peak 1025 
effective runoff. This observation implies that the Sothern Hemisphere temperature may have 1026 
an impact on the Indo-Australian monsoon, but clearly it is not the first order forcing. The 1027 
correlation with the East Asian summer monsoon minima or maxima, which are mainly 1028 
controlled by the Northern Hemisphere forcing, is also apparently ambiguous (Fig. 12e).  1029 
 1030 
One interesting observation is that when comparing the high lake-level episodes with 1031 
millennial-scale events, all of the six high megalake episodes are very well correlated with 1032 
cold intervals in the North Atlantic, as recorded by weakened summer monsoon in Chinese 1033 
stalagmite records (Fig. 12e). From young to old, the six palaeoshoreline records coincide 1034 
with Heinrich Stadial 5, ice rafted debris (IRD) layer C-14 registered in North Atlantic 1035 
marine sediment cores, Heinrich Stadial 6, IRD layer C-20, IRD layer C-22 and IRD layer C-1036 
23, respectively (Chapman and Shackleton, 1999; Rasmussen et al., 2003). The deep-water 1037 
lacustrine layer at Williams Point is also synchronous with an episode when the East Asia 1038 
summer monsoon was generally weak. This situation is consistent with other tropical 1039 
Southern Hemisphere high resolution records from the last glacial cycle (Griffiths et al., 1040 
2009; Muller et al., 2012; Ayliffe et al., 2013; Denniston et al., 2013), demonstrating a 1041 
linked, coeval but anti-phased reaction of the bi-hemispheric monsoon systems to the North 1042 
Atlantic cooling and southward displacement of ITCZ. The results in Fig.12 may indicate that 1043 
the Indo-Australian monsoon (or potentially just the Lake Eyre record) might be more 1044 
sensitive to abrupt millennial-scale climate change than orbital forcing. Although the current 1045 
dataset is not large enough to draw a definitive conclusion, our results highlight the potential 1046 
role of the Northern Hemisphere high latitudes and the global monsoon system in influencing 1047 
the Indo-Australian monsoon is an area warranting further primary evidence.  1048 
 1049 
It is also interesting to note that the Lake Eyre lake-full or wet episodes also show some 1050 
consistency with high precipitation episodes in southern Australia, a region considered less 1051 
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influenced by the monsoon system. In southeast Australia, speleothems from Naracoorte have 1052 
documented high precipitation periods between 40-50 ka, 70-85 ka, 90-100 ka, 105-115 ka 1053 
and 155-220 ka (Ayliffe et al., 1998), which are generally coincident with the lake expansion 1054 
episodes for Lake Eyre. Ayliffe et al. (1998) also argued that the highest effective 1055 
precipitation for the southeastern interior of Australia occurred during stadials and cool 1056 
interstadials of the past four glacial cycles, consistent with the palaeohydrological records of 1057 
Lake Eyre. These coincidences may indicate a close connection between the precipitation 1058 
driving forces for the north and south of the continent. Expanding this latitudinal 1059 
investigation of Australia’s now dry lakes will allow a better examination of coupling or lack 1060 
thereof across regions of the Australian continent.   1061 
 1062 
6. Summary and Conclusions 1063 
 1064 
Luminescence dating of lake-floor and cliff exposure sediments at Williams Point has shown 1065 
that the sedimentary record for Lake Eyre extends back to MIS 7. Our new chronology 1066 
indicates that the thick deep-water lacustrine sediments near Williams Point, which are 1067 
interpreted as representing an extreme wet phase of Lake Eyre, were deposited in early MIS 6 1068 
(181-191 ka), rather than during the last interglacial maximum (MIS 5e) as previously 1069 
assumed. Our results show that the wet phases of Australia’s arid interior occurred during 1070 
both glacial and interglacial periods, and reflect enhancement of the Indo-Australian 1071 
monsoon. Our data, based on an improved chronology, shows that Southern Hemisphere 1072 
orbital forcing may not be a first order driving force for the long-term dynamics of the Lake 1073 
Eyre basin or the Indo-Australian monsoon. Rather, the high lake-level events of Lake Eyre 1074 
exhibit a stronger correlation with millennial-scale cooling events and stadials of the North 1075 
Atlantic, and coincide with weakened episodes/events for the East Asia summer monsoon. 1076 
This implies an important role for the north high latitudes in influencing the Indo-Australian 1077 
monsoon, which may take effect through the boreal or austral replacement of the ITCZ 1078 
during warm and cool periods in the north Atlantic. 1079 
 1080 
From a methodological perspective, our results demonstrate that K-feldspar pIRIR and quartz 1081 
TT-OSL procedures have excellent potential for reconstructing the timing of wet and dry 1082 
events in Australia during the late and middle Pleistocene. These approaches open up new 1083 
possibilities for establishing expanded and higher resolution chronological dataset for the 1084 
34 
 
Lake Eyre basin, and could form an important foundation for improved understanding of 1085 
Quaternary climate change patterns and driving forces in Australia. 1086 
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Figure Caption 1434 
 1435 
Fig.1. (a) Map showing the overview of the Lake Eyre Basin (LEB). Lake Eyre is located at 1436 
the lowest point of the LEB. (b) Map showing that Lake Eyre can be divided into Lake Eyre 1437 
North and Lake Eyre South. The highlighted square indicates the location of the Madigan 1438 
Gulf. 1439 
 1440 
Fig.2. (a) An aerial image of Madigan Gulf showing the location of Williams Point in Lake 1441 
Eyre North. Black filled circles represent locations and names of cores from Magee et al., 1442 
(1995). White circle shows location of cores LEWP1 and LEWP2. (b) Stratigraphic 1443 
interpretation of Williams Point sequence, which can be broadly divided into three main 1444 
sedimentary phases (see section 2.2). The circle shows the position of sample LE14-1. 1445 
 1446 
Fig.3. A schematic sedimentary log of LEWP1 core and core photo. The black circles 1447 
indicate the positions of the luminescence dating samples. The blue circle indicates the 1448 
position of sample LEWP 1.96, which was collected only for dose rate evaluation. The 1449 
yellow circle indicates the position of the modern sample LE-M, which is used for residual 1450 
dose evaluation for the LEWP1 core samples. Note that a core disturbance layer (the white 1451 
blank in the schematic profile) has been avoided during core logging and OSL sampling. 1452 
 1453 
Fig.4. Summary of dosimetry information for the LEWP1 core samples. w.c. means water 1454 
content. The circles and diamonds in (h) are final dose rates of quartz and K-feldspar, 1455 
respectively. U, Th and K contents in (a)–(c) are based on ICP-MS/OES measurements.  1456 
 1457 
Fig.5. Dose recovery results and representative De distribution for single-aliquot quartz OSL 1458 
dating. (a) Recovered to given dose ratios of 20 aliquots for sample LEWP 0.50, shown as a 1459 
radial plot. See experimental details in SI. The grey shaded region is centred on a recovered 1460 
to given dose ratio of 1. (b) De values of 25 aliquots for sample LEWP 0.50, shown as a 1461 
radial plot. The grey band is centred on the weighted mean De value derived using the CAM. 1462 
 1463 
Fig.6. Dose recovery results (recovered to given dose ratios) (a), g-values (b) and residual 1464 
doses (c) for different IRSL and pIRIR signals in single-aliquot K-feldspar MET-pIRIR 1465 
dating. Dose recovery test was measured on 5 discs of sample LEWP 3.63 (see SI for details). 1466 
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Residual doses were measured using a modern sample LE-M (Fig.3). g-values (normalised to 1467 
2-days) were measured using three samples: LEWP 0.50 (triangles), LEWP 1.21 (circles) and 1468 
LEWP 3.63 (diamonds). 1469 
 1470 
Fig.7. (a) pIRIR250 De value distribution of 12 aliquots from sample LEWP 0.89, shown as a 1471 
radial plot. The grey band is centred on the weighted mean De value derived using the CAM. 1472 
The measured grain size for this sample is 90-180 m, and 1 mm aliquots were used for De 1473 
determination. (b) De values of different IRSL and pIRIR signals for sample LEWP 0.89 1474 
plotted against IR stimulation temperatures. (c) De values of different IRSL and pIRIR 1475 
signals for sample LEWP 2.15 plotted against IR stimulation temperatures. The measured 1476 
grain size for this sample is 45-63 m, and 4 mm aliquots were used for De determination. 1477 
 1478 
Fig.8. Radial plots showing the single-grain OSL and TT-OSL De results. (a) Recovered to 1479 
given dose ratios obtained for a dose recovery test performed on individual quartz grains of 1480 
LE14-1 (see SI for details). The grey shaded region on the radial plot is centred on the 1481 
administered dose for each grain (recovered to given dose ratio of 1). (b) Dose-recovery test 1482 
(natural + dosed) De values obtained for individual quartz grains of LE14-1 (see SI for 1483 
details). (c) Single-grain OSL natural De distribution for LE14-1. (d) Single-grain TT-OSL 1484 
natural De distribution for LE14-1.The grey bands in b-d are centred on the weighted mean 1485 
De values derived using the CAM. 1486 
 1487 
Fig.9. The final single-aliquot quartz OSL, TT-OSL and K-feldspar pIRIR ages plotted 1488 
against sample depth for the LEWP1 core. The dashed lines indicate the boundaries of 1489 
different sedimentary units (see Fig. 3 and Table 1). The block indicates three samples that 1490 
exhibit potentially complicated dosimetry results which are excluded from final chronological 1491 
discussions in this study (see discussions in section 4.3).  1492 
 1493 
Fig.10. Bayesian age-depth modelling results for the Lake Eyre Williams Point sequence 1494 
obtained using a non-continuous deposition modelling scenario (Model 2, see section 5.2). 1495 
The likelihoods are based on the pIRIR dating results of eight core samples from LEWP1 1496 
(excluding three samples that exhibit potentially complicated dosimetry results) and the 1497 
combined (weighted mean) single-grain OSL and TT-OSL ages of sample LE14-1 from the 1498 
base of the Williams Point outcrop. The right-hand column shows the boundaries of different 1499 
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sedimentary units (see Fig. 3 and Table 1). The prior age distributions for the dating samples 1500 
(likelihoods) are shown in light blue. The modelled posterior distributions for the dating 1501 
sample and unit boundaries are shown in dark blue and grey, respectively. Likelihood and 1502 
posterior ages are shown on a calendar year timescale and are both expressed in years before 1503 
sample collection (AD2014). The white circles and associated error bars represent the mean 1504 
ages and 1σ uncertainty ranges of the PDFs. The 68.2% and 95.4% ranges of the posterior 1505 
probabilities are indicated by the horizontal bars underneath the PDFs. 1506 
 1507 
Fig.11. Schematic diagrams showing the palaeo-hydrological history of Lake Eyre since MIS 1508 
7, as recorded by the Williams Point sequence and palaeo-shoreline records. See detailed 1509 
description in section 5.4.  1510 
 1511 
Fig.12. Comparison of the combined Williams Point chronostratigraphic sequence record 1512 
with other published climatic records. (a) Chronology of different sedimentary stages of Lake 1513 
Eyre recorded at the Williams Point sequence. The ages >100 ka are based on the Bayesian 1514 
modelled results from this study, and the ages <100 ka are based on TL/AAR ages of Magee 1515 
et al. (1995). Note that the y-axis only represents a relative relationship between the depths of 1516 
different phases. (b) Palaeoshoreline elevations and pooled ages of Lake Eyre cited from 1517 
Cohen et al. (2015). The shoreline ages are based on single-grain quartz OSL dating; (c) 1518 
January solar insolation at 15 °S (Berger, 1992); (d) the Antarctic temperature anomaly 1519 
recovered from the Dome C ice core (Jouzel et al., 2007); (e) Stalagmite 
18
O records from 1520 
Sanbao Cave (dark green, Wang et al., 2008; light green, Cheng et al., 2009) and Hulu Cave 1521 
(pink, Wang et al., 2001) in central south China, which indicates the strength of the East Asia 1522 
summer monsoon (EASM). The blue hatches indicate Heinrich events (Rasmussen et al., 1523 
2003), the orange hatches indicate the ice rafted debris (IRD) layers registered in North 1524 
Atlantic marine sediment cores (Chapman and Shackleton, 1999). The grey bars indicate wet 1525 
episodes of Lake Eyre characterised by deep-water lacustrine regime or high 1526 
palaeoshorelines. Marine Isotope Stages after Martinson et al. (1987). 1527 
 1528 
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Table 1 Stratigraphic log of the LEWP1 core 
 
  
Unit Sub-unit Depth in the core (m) AHD Depth (m) Descriptions 
Depositional 
environment 
B (modern playa) - 0-0.13 -13.43 to -13.56 
Light brown medium-coarse sand, no 
lamination 
playa environment 
C (muddy playa) - 0.13-0.57 -13.56 to -14.00 
Poorly laminated red brown clay. Mottled 
with iron and manganese, gypsum layers up 
to 5 mm thick at 0.54 and 0.57 m. 
playa environment 
D (deep-water 
lacustrine) 
D1 0.57-0.80 -14.00 to -14.23 
Grey clay with some brown mottles. No 
visible lamination. Several gypsum 
horizons up to 4 cm thick (thickest 
occurring at 0.77-0.81 m). 
deep-water lacustrine, 
with occasional dry 
conditions 
D2 0.80-2.47 -14.23 to -15.90 
Dark-grey to grey clay (with the darkest 
colour observed at 1.51-1.58 m), sub mm 
lamination. Thin gypsum horizons appear 
occasionally. A thick gypsum layer appears 
at 1.66-1.68 m. 
deep-water lacustrine  
D3 2.47-3.27 -15.90  to -16.70 
Distinct brown clay and grey clay sub mm 
laminations. Gypsum horizons appear 
frequently. Between 3.00 m and 3.12 m is a 
core disturbance layer. 
deep-water lacustrine 
with oscillating water 
depth 
E (transgressive 
sediments) 
- 3.27-4.00 -16.70 to -17.43 
Homogeneous grey clayey sand, no visible 
lamination. Only gypsum horizon appears 
at 3.72 m. 
Shallow-water 
lacustrine 
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Table 2 A summary of sample depth, measured chronometers, measurement procedures, radioactive element contents, moisture contents, De 
values, dose rates and luminescence ages for all dating samples.  
 
Sample a 
Depth below 
surface (m) 
AHD 
Depth (m) 
Mineral 
Grain size 
(m) 
Method 
Aliquot 
sizeb 
U (ppm)c Th (ppm)c K  (%)c 
Moisture 
content (%)d 
Dose rate 
(Gy/ka)e 
De (Gy) 
Number of 
discs/grains 
Age (ka) 
LE14-1 0.70  -10.74  
Quartz  212-250 OSL SG 
2.83±0.19 1.68±0.11 0.59±0.03 60 
1.38±0.08 173.99±7.57 88  126.43±9.74 
Quartz  212-250 TT-OSL SG 1.38±0.08 194.22±11.87 67  141.13±12.44 
LEWP 0.50 0.50  -13.93  
Quartz  45-63 OSL MA 
1.83±0.09 4.60±0.23 1.03±0.06 47 
1.49±0.10 194.59±13.33 25  130.39±12.27 
Quartz  45-63 TT-OSL MA 1.49±0.10 198.06±17.43 5  132.71±14.48 
K-feldspar 45-63 pIRIR MA 1.85±0.12 273.87±13.93 14  147.68±12.04 
LEWP 0.89 0.89  -14.32  
Quartz  45-63 OSL MA 
3.48±0.17 4.57±0.23 1.04±0.05 36 
1.84±0.11 323.36±23.00 19  175.39±16.36 
Quartz  45-63 TT-OSL MA 1.84±0.11 399.64±23.07 7  216.76±18.10 
K-feldspar 90-180 pIRIR SA 2.44±0.21 469.99±25.15 12  192.41±19.55 
LEWP 1.21 1.21  -14.64  K-feldspar 63-90 pIRIR SA 2.82±0.14 6.49±0.32 1.22±0.06 49 2.26±0.15 460.12±22.13 13  203.35±16.55 
LEWP 1.40 1.40  -14.83  
Quartz  45-63 OSL MA 
4.78±0.24 6.50±0.33 1.20±0.06 48 
2.26±0.15 323.62±22.42 25  143.17±13.81 
K-feldspar 45-63 pIRIR MA 2.72±0.20 456.31±31.18 16  167.92±16.80 
LEWP 1.58 1.58  -15.01  
Quartz  45-63 TT-OSL MA 
19.98±1.00 6.36±0.32 1.23±0.06 50 
4.40±0.33 448.50±37.10 5  101.89±11.35 
K-feldspar 45-63 pIRIR MA 5.25±0.56 630.56±30.64 10  120.09±14.13 
LEWP 1.77 1.77  -15.20  K-feldspar 90-180 pIRIR SA 8.93±0.45 6.42±0.32 1.19±0.06 50 3.41±0.28 500.10±29.62 9  146.49±14.80 
LEWP 1.96 1.96  -15.39  - - - - 3.95±0.20 6.50±0.33 1.19±0.06 50 - - - - 
LEWP 2.15 2.15  -15.58  
Quartz  45-63 TT-OSL MA 
4.47±0.22 5.68±0.28 1.05±0.05 53 
1.88±0.12 314.29±26.15 5  167.62±17.70 
K-feldspar 45-63 pIRIR MA 2.31±0.17 420.93±19.88 9  182.30±15.83 
LEWP 2.35 2.35  -15.78  K-feldspar 90-180 pIRIR SA 3.46±0.17 6.60±0.33 1.21±0.06 49 2.49±0.21 501.48±24.26 12  201.15±19.89 
LEWP 2.73 2.73  -16.16  
Quartz  45-63 TT-OSL MA 
5.65±0.28 6.01±0.30 1.06±0.05 48 
2.15±0.14 365.36±17.97 5  169.86±13.59 
K-feldspar 45-63 pIRIR MA 2.63±0.20 479.29±25.42 12  182.58±16.82 
LEWP 3.63 3.63  -17.06  
Quartz  45-63 OSL MA 
2.29±0.11 2.21±0.11 0.43±0.02 36 
1.05±0.06 202.53±12.42 15  193.56±16.31 
K-feldspar 45-63 pIRIR MA 1.41±0.10 246.23±10.11 16  174.71±17.95 
LEWP 3.82 3.82  -17.25  
Quartz  45-63 TT-OSL MA 
3.20±0.16 2.83±0.14 0.59±0.03 37 
1.32±0.08 249.00±27.35 5  188.18±23.70 
K-feldspar 63-90 pIRIR SA 1.75±0.12 391.83±16.92 12  223.49±17.71 
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a 
Sample LEWP 1.96 was collected only for gamma dose rate correction for adjacent samples, therefore no De value was measured for this 
sample. 
b 
SG—single grain; MA—medium-sized single-aliquot (4 mm in diameter); SA—small-sized single-aliquot (1 mm in diameter). 
c 
The U, Th and K contents of the LEWP1 core samples were measured using ICP-MS and ICP-OES. The U, Th and K contents of sampleLE14-
1 are based on in situ gamma spectrometry results, and have been calculated using the ‘windows approach’ outlined in Arnold et al. (2012b). The 
total dose rate of this sample has been calculated using a combination of in situ gamma spectrometry (to calculate the gamma dose rate), and 
low-level beta counting (to calculate the beta dose rate). 
d 
The relative uncertainty for moisture content is set to be 25%.  
e 
Details of dose rate calculation are given in Table S1.  
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Table 3 Summary of Bayesian modelling results obtained using a non-continuous deposition modelling scenario (Model 2). The likelihood 
(unmodelled) and posterior (modelled) age ranges are presented for each of the numerical dating samples. Posterior (modelled) age ranges are 
also shown for the boundaries of each stratigraphic unit. Posterior ages are presented as the 68.2% and 95.4% highest probability density ranges. 
The mean and 1σ uncertainty ranges of the modelled posterior distributions are shown for comparison (assuming a normally distributed 
probability density function). The unmodelled and modelled age estimates have been rounded to the nearest 50 years. 
 
 
 
Boundary 
Dating  
sample 
Depth  
(cm  
AHD) 
Unmodelled age (years before AD2014) Modelled age (years before AD2014) 
Agreement 
index  
(Ai) 
(%) 
Posterior outlier 
probability 
(%) 
68.2% range  95.4% range  Mean ± 1σ 68.2% range  95.4% range  Mean ± 1σ 
Unit A top  -985      107450 – 136050   71100 – 140150   113050 ± 19750   
 
LE14-1 (SG OSL+SG 
TT-OSL) 
-1074 122300 – 140800  113450 – 149700  131550 ± 9050 111850 – 138050   77600 – 142500   117500 ± 17200 75.1 24 
Unit A bottom  -1356      120150 – 148050   91550 – 158600   129900 ± 16350   
Unit C top  -1356      132050 – 158300   112900 – 169650   142750 ± 14500   
 LEWP 0.5 (pIRIR) -1393 135400 – 159950  123600 – 171750  147700 ± 12050 145600 – 166050   134850 – 175700   155250 ± 10300 99.2 1 
Unit C bottom  -1400      146900 – 169150   136900 – 179100  157800 ± 10900   
Unit D top  -1400      172650 – 191000  162900 – 198050   180750 ± 8950    
 LEWP 0.89 (pIRIR) -1432 172450 – 212350   153300 – 231500   192400 ± 19550 173950 – 190950   164750 – 198800   182000 ± 8400 117.5 4 
 LEWP 1.21 (pIRIR) -1464 186450 – 220250   170250 – 236450   203350 ± 16550 175350 – 191600   167250 – 199050  183250 ± 7950 69.7 9 
 LEWP 2.15 (pIRIR) -1558 166150 – 198450   150650 – 213950   182300 ± 15850 179250 – 194600   171350 – 201900  186800 ± 7500 128.4 1 
 LEWP 2.35 (pIRIR) -1578 180850 – 221450   161350 – 240950   201150 ± 19900 179750 – 195650   172200 – 202850   187550 ± 7600 109.1 5 
 LEWP 2.73 (pIRIR) -1616 165400 – 199750   148950 – 216200   182600 ± 16800 181400 – 196850   173000 – 204950   189000 ± 7900 125.4 1 
Unit D bottom  -1670      181550 – 199450   174900 – 208150   191050 ± 8600   
Unit E top  -1670      188300 – 210150   180500 – 220800   200550 ± 10300   
 LEWP 3.63 (pIRIR) -1706 156400 – 193000   138800 – 210600   174700 ± 17950 199100 – 219000   190100 – 229750  209550 ± 9800 30.5 0 
 LEWP 3.82 (pIRIR) -1725 205450 – 241550   188050 – 258900   223500 ± 17700 201850 – 226300  192250 – 239750   215150 ± 11950 110.0 4 
Unit E bottom  -1743      203000 – 232550  193300 – 252900  221300 ± 18800   
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S1. Information on facilities and methods 
 
S1.1. Sample preparation 
 
11 LEWP1 core samples were prepared using standard separation methods (Aitken, 1998). 
The raw samples were first treated with 10% HCl and 30% H2O2 to remove carbonate and 
organics. For single-aliquot dating of the LEWP1 samples, coarse grains (63-90, 90-180 m) 
and medium grains (45-63 m) were separated by wet sieving, but the former was only 
successfully recovered from a few samples. Given the limitations of grain size availability, 
we mainly used medium grain size quartz and K-feldspar. This was in exception to five 
K-feldspar samples for which the coarse grain size were used to detect partial bleaching, 
using small aliquots. Quartz and K-feldspar extracts were separated using heavy liquids with 
densities of 2.58 and 2.62 g/cm
3
. Fractions with density >2.62 g/cm
3 
were checked for 
feldspar contamination using the OSL-IR depletion ratio test (Duller, 2003) and the resultant 
ratios are consistent with unity at 1 for all our samples. Therefore, this fraction is considered 
to be dominated by quartz. Due to the relatively small sample sizes, no HF etching was 
conducted on the LEWP1 core samples. 
 
Multi-grain aliquots for the LEWP1 core samples were made by mounting quartz or 
K-feldspar grains as monolayers on stainless steel discs using Silkospray silicone oil. The 
size of aliquot is important to detect issues such as incomplete signal resetting or 
2 
post-depositional mixing (Duller, 2008). For the five coarse grain K-feldspar samples, we 
used small aliquots (~1 mm) for De measurements. For the medium grain size samples, even 
small aliquots are expected to contain hundreds of grains, thus the choice of aliquot size is 
meaningless for trying to minimise grain averaging effects. Therefore, for all the medium 
grain-size quartz and K-feldspar samples, we used ~4 mm medium aliquots for De 
measurements.  
 
Sample LE14-1, collected from Unit A of the Williams Point cliff exposure, yielded more 
abundant coarse-grained sedimentary material, and it was possible to isolate a sufficient 
quantity of 212-250 μm grains for single-grain OSL and TT-OSL dating. After 10% HCl and 
30% H2O2 treatments and sieving, 212-250 μm grains were subjected to heavy liquid 
separation using densities of 2.67 g/cm
3
 and 2.62 g/cm
3
 to remove heavy minerals and 
feldspars, respectively. The remaining quartz grains were etched for 40 minutes in 48% 
hydrofluoric acid to remove their alpha irradiated external rinds, and to ensure the removal of 
any non-quartz material remaining after density separation. The etched grains were then 
washed in 10% hydrochloric acid to remove any precipitated fluorides, and re-sieved to 
obtain the 212-250 μm fraction. For single-grain measurement, 212-250 μm quartz grains 
were loaded in standard single-grain aluminium discs drilled with an array of 300 μm x 300 
μm holes to ensure that true single-grain resolution was maintained (Arnold et al., 2012). 
 
S1.2. Dose rate measurement and calculation 
 
The U and Th contents of dose rate samples from LEWP1 were measured using ICP-MS and 
the K contents were measured using ICP-OES. The U, Th and K contents were converted into 
alpha, beta and gamma dose rates using conversion factors reported by Guérin et al. (2011). 
For the alpha dose rate calculation of the LEWP1 core samples, the a-value was set to be 0.04 
± 0.01 for quartz OSL and TT-OSL signals (Rees-Jones, 1995), and 0.10 ± 0.05 for 
K-feldspar pIRIR signal (Kreutzer et al., 2014). The alpha and beta dose grain size 
attenuations were calculated following Brennan et al. (1991) and Guérin et al. (2012). The 
gamma and beta dose rates of sample LE14-1 have been calculated using a combination of in 
situ field gamma-ray spectrometry and low-level beta counting of dried and homogenised, 
bulk sediment collected directly from the OSL sampling position. Details of dose rate 
calculations are summarised in Table S1. 
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Moisture contents for the LEWP1 core samples and sample LE14-1 were measured by 
weighing the samples before and after drying in an oven at 100°C for three days. Since these 
sediment samples were sealed, refrigerated and opened soon after collection, the laboratory 
measured moisture contents are considered to be representative of the field water contents. A 
relative uncertainty of 25% was assigned to the moisture contents to make allowance for past 
hydrological variations. Water attenuation for external dose rate was calculated using the 
correction factors suggested by Aitken (1985).  
 
The internal dose rate of quartz was calculated based on U and Th contents reported by 
Bowler et al. (2003), and assigned an uncertainty of 30%. The internal dose rate of K-feldspar 
was calculated assuming an internal K content of 13 ± 1% (Zhao and Li, 2005), an internal 
Rb content of 400 ± 100 ppm (Huntley and Hancock, 2001), and intrinsic U and
 
Th 
concentrations of 0.15 ± 0.03 ppm and 0.35 ± 0.07 ppm, respectively (e.g. Arnold et al., 
2015). Cosmic dose rates were estimated based on the altitude of the section and burial depth 
of the samples following Prescott and Hutton (1994).  
 
S1.3. High-resolution gamma spectrometry measurements 
 
High-resolution gamma spectrometry measurements were performed on dried and powdered 
bulk sediments using a p-type, high-purity, germanium well detector owing to the limited 
sample masses available for the LEWP1 core (<15 g per sample). 5.0 – 5.8 g of each 
sediment sample was sealed in a plastic container for at least 30 days (the equivalent of ~8 
half-lives of 
222
Rn; t1/2 = 3.825 days) to enable the post-radon daughters of 
214
Pb and 
214
Bi to 
build up and reach equilibrium with parental 
226
Ra activities. Following re-establishment of 
equilibrium in the post-radon nuclides, we counted the sealed samples in the well detector for 
4-6 days (in near 4π geometry to maximise detection efficiency). The specific activities of 
238
U (determined from 
235
U emissions after correcting for 
226
Ra interference, and 
234
Th 
emissions after correcting for
 228
Ra interference), 
226
Ra (derived from 
214
Pb and 
214
Bi 
emissions), 
210
Pb, 
228
Ra (derived from 
228
Ac emissions), 
228
Th (derived from 
212
Pb, 
212
Bi and 
208
Tl emissions) and 
40
K were measured for each sediment sample, and used to derive the 
daughter-to-parent isotope ratios for 
226
Ra:
238
U, 
210
Pb:
226
Ra and 
228
Th:
228
Ra shown in Figure 
4. 
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S1.4. Facilities for De measurement 
 
Equivalent doses (Des) of quartz and K-feldspar were measured using Risø TL/OSL-DA-12 
or TL/OSL-DA-20 readers equipped with calibrated 
90
Sr/
90
Y beta sources for artificial 
irradiation. For single-grain measurements, spatial variations in the beta dose rate across the 
disc plane were taken into account by undertaking hole-specific calibrations using 
gamma-irradiated quartz. Blue LEDs (470 nm, 80 mW/cm
2
) and IR LEDs (870 nm, 135 
mW/cm
2
) are equipped in the readers for blue light and IR stimulations, respectively. Single 
grain measurements were made by stimulating individual grains using a focussed 10 mW 
green (532 nm) laser. Luminescence signals were collected using an EMI9235QA 
photomultiplier tube. Quartz luminescence signals were detected through 7.5 mm of Schott 
U-340 (UV) filter. K-feldspar luminescence signals were detected through a combination of 
Corning 7-59 and Schott BG-39 filters.  
 
For quartz single-aliquot OSL dating, the signals derived from the integral of the first 0.48 s 
of the decay curve minus a background based on the last 5 s are used for De estimation; for 
single-aliquot K-feldspar dating, the signals derived from the initial 5 s of the decay curve 
minus a background based on the last 10 s are used for De estimation; for single-aliquot 
TT-OSL dating, signals derived from the integral of the first 0.4 s of the TT-OSL decay curve 
minus a background based on the last 2 s of the previous main OSL decay curve are used for 
De estimation, in order to minimise the impact of slow components inherited from the 
previous OSL signal (see section S3.3). Single-grain OSL and TT-OSL dose response curves 
were constructed using the first 0.17 s of each green laser stimulation after subtracting a mean 
background count obtained from the last 0.25 s of the signal. The single-grain De 
uncertainties include an empirically determined instrument reproducibility uncertainty of 1.9% 
for each single-grain measurement, and a dose-response curve fitting uncertainty determined 
using 1000 iterations of the Monte Carlo method described by Duller (2007).  
 
In all relevant single-aliquot experiments, solar bleaching was carried out using a Dr Hönle 
UVACUBE 400 solar simulator. 
 
S1.5. De measurement procedures 
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We have applied single-aliquot quartz OSL dating, single-aliquot K-feldspar pIRIR dating 
and single-aliquot TT-OSL dating to the LEWP1 core samples, and single-grain OSL and 
TT-OSL dating to sample LE14-1. Details of the measurement procedures are summarised in 
Table S3.  
 
1) Single-aliquot quartz OSL dating: We have employed a conventional single-aliquot 
regeneration (SAR) procedure (Murray and Wintle, 2000) as detailed in Table S3a for quartz 
OSL dating. A preheat of 260°C for 10 s and a cutheat of 220°C were selected based on dose 
recovery tests (see section S3.1). In order to save machine time, we have applied the standard 
growth curve (SGC) method of Li et al. (2015a) for De estimation. For each sample, we first 
measured the dose response curves (DRCs) of 8-10 discs using the full SAR, and then 
normalised the different DRCs using an identical regeneration dose (normalisation dose) to 
construct a SGC. This normalisation process is called re-normalisation (Li et al., 2015a, b) 
and the obtained SGC is termed the re-normalised SGC. After the establishment of the 
re-normalised SGC for each sample, we measured only the natural signal, one regenerative 
dose (normalisation dose) signal and the corresponding test dose signals for all additional 
discs. The re-normalised natural signals of these discs were then projected onto the SGC to 
derive their Des (Li et al., 2015a). It is noted, however, that due to the antiquity of the 
LEWP1 core sediments, single-aliquot quartz OSL dating was only applicable to four of the 
LEWP1 core samples, for which the natural OSL signals are non-saturated.  
 
2) Single-aliquot K-feldspar pIRIR dating: A multi-elevated temperature pIRIR 
(MET-pIRIR) procedure (Li and Li, 2011) was employed for single-aliquot K-feldspar dating 
of all of the 11 LEWP1 core samples (Table S3b). The MET-pIRIR procedure includes five 
IR stimulation steps at incrementally higher measurement temperature between 50 to 250°C, 
and is designed to isolate increasingly stable (none fading) signals through the measurement 
sequence. The pIRIR250 signal, which has been shown to be athermally stable in previous 
studies (Li and Li, 2011; Fu et al., 2012; Fu, 2014), was used to derive the K-feldspar De 
values from the LEWP1 samples. A re-normalised SGC method (Li et al., 2015b) has been 
employed in this study to save machine time. Similar to Li et al. (2015b), we observe a 
common SGC between different K-feldspar samples from the LEWP1 core. Therefore, we 
have used a uniform K-feldspar SGC, derived from the individual DRCs of different samples, 
for De measurements.  
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3) Single-aliquot TT-OSL dating: We have applied single-aliquot TT-OSL dating to six 
samples from the LEWP1 core. The dating procedure of Ademiac et al. (2010) was employed 
(Table S3c). In this procedure, the TT-OSL signal is induced by a preheat of 260 °C for 10 s. 
Sensitivity change of the TT-OSL signal is monitored by measuring the OSL signal of a 
subsequent test dose. The TT-OSL signal has been shown to bleach very slowly in nature 
(e.g., Demuro et al., 2015). To assess the residual dose for the LEWP1 samples, we measured 
the TT-OSL De of a modern analogue sample collected from the surface of modern playa 
layer (see Fig. 3 in the main text). This modern sample was assumed to provide a 
representative residual dose for all the LEWP1 single-aliquot TT-OSL samples and was 
subtracted from the measured De before all age calculations (see results in the main text).  
 
4) Single-grain OSL and TT-OSL dating: Single-grain OSL dating of sample LE14-1 was 
conducted independently and in parallel to the single-aliquot OSL dating study of the LEWP1 
core. Single-grain OSL De values were determined using the SAR procedure shown in Table 
S3d, which employs a preheat of 260°C for 10 s prior to measuring the natural and 
regenerative dose signals, and a preheat of 160°C for 10 s prior to undertaking the test dose 
OSL measurements. Single-grain TT-OSL was similarly applied to sample LE14-1 as a 
means of cross-checking the reliability of the single-grain OSL dating approach over dose 
ranges of >150 Gy. TT-OSL dating was applied to individual grains of quartz, following the 
reliable application of this approach at a range of sites (Arnold et al., 2013, 2015; Arsuaga et 
al., 2014, Demuro et al., 2014, 2015). The single-grain TT-OSL SAR procedure (Table S3e) 
uses a TT-OSL test dose measurement rather than an OSL test dose measurement to correct 
for sensitivity change, following single-grain suitability assessments performed by Arnold et 
al. (2014, 2015) and Demuro et al. (2014, 2015). The TT-OSL SAR procedure also includes 
two high temperature OSL treatments to prevent TT-OSL signal carry over from previous 
regenerative dose and test dose measurement cycles. 1000 and 1500 quartz grains were 
measured for OSL and TT-OSL De assessments of LE14-1, respectively. Measured grains 
were only considered reliable for dating purposes if they satisfied the OSL and TT-OSL SAR 
quality assurance criteria outlined in Arnold et al. (2013, 2014). To assess the bleachability of 
the single-grain TT-OSL signal, a set of additional De measurements was made on a modern 
analogue sample collected ~5 cm beneath the present-day lake floor and 20 m offshore from 
the Williams Point cliff (see results in the main text). 
 
S2. Additional information on dose rate evaluation for LEWP1 core samples 
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S2.1. Comparison of dose rates evaluated using different techniques 
 
In order to cross-check the reliability of our dose rate results, we have compared the dose 
rates obtained using ICP-MS/OES and HRGS techniques for seven samples. The results for 
quartz and K-feldspar are shown in Figs. S2a and S2b, respectively. For both minerals, the 
replicate dose rates obtained using the two approaches are consistent with each other within 
1 uncertainty ranges. This intrinsic consistency suggests that the dose rate obtained using 
the ICP-MS/OES technique is reliable for the LEWP1 core samples.  
 
S2.2. Correction for gamma dose rate heterogeneity  
 
Care was taken during sampling of the LEWP1 core to avoid major lithological boundaries 
within the gamma dose rate range. However, for eight of our samples we still encountered 
laminae with varied gamma dose rates (>20% difference) within the surrounding 30 cm. For 
these samples, we have applied the model of Aitken et al. (1985, p. 289-293) to correct for 
the layer to layer difference in gamma dose rate. The model of Aitken is based on the 
principle of superposition. It states that the true gamma dose rate of a sample located in an 
active medium (medium I) with infinite matrix gamma dose rate of D1, and at a distance x 
from a boundary with another active medium (medium II; whose infinite matrix gamma dose 
rate is D2), can be expressed as: 
 
D = F(x)·D1 + [1-F(x)] ·D2 
 
where D is the true dose rate of the sample, F(x) is an average coefficient representing the 
contribution of medium I to the gamma dose rate (which can be read from Table H1 of 
Aitken, 1985), and 1-F(x) represents the contribution of medium II to the gamma dose rate.  
 
Fig. S3 shows the stratigraphic setting of sample LEWP 1.77, which can be used as an 
example for the gamma dose rate heterogeneity correction in this study. LEWP 1.77 was 
collected at a depth of 1.77 m in the LEWP1 core from a clay layer whose dry gamma dose 
rate was measured to be 1.60 ± 0.06 Gy/ka using the elemental concentration data shown in 
Table 2 (L3, 1.68-1.88 m). Within the gamma dose range of this sample, there are three other 
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sedimentary layers whose gamma dose rates are different from L3. L1 and L4 are two clay 
layers above and below L3, respectively, with boundaries at 1.66 and 1.88 m. Two samples 
(LEWP 1.58 and LEWP 1.96) collected from L1 and L4 show that the infinite matrix dry 
gamma dose rates of the two layers are 2.84 ± 0.11 Gy/ka and 1.05 ± 0.03 Gy/ka, respectively. 
Between L1 and L3, there is also a 2 cm thick gypsum layer (L2, 1.66-1.68 m) whose gamma 
dose rate is not directly measured, due to limited material availability. Previous studies have 
reported that the U, Th and K contents of gypsum in playa or lacustrine sediments are usually 
much lower than for clay sediments (e.g. Ikeya et al., 1997; Nagar et al., 2010; Mahan and 
Kay, 2012). Here, we have used the average U, Th and K contents of six gypsum samples 
from South Australia (U = 0.12 ± 0.03 ppm, Th = 0.17 ± 0.04 ppm, K = 0.63 ± 0.12%) as 
reported by Nagar et al. (2010) to calculate the gamma dose rate of gypsum layers in our core. 
These results gave a low dry gamma dose rate of 0.18 ± 0.04 Gy/ka for L2. Based on the 
model of Aitken, the fractional gamma dose rate contributions of L1 to L4 to sample LEWP 
1.77 can be expressed as: 
 
CL1 = 1-F(1.77-1.66) = 0.107 
C L2 = [1- F(1.77-1.68)] - [1-F(1.77-1.66)] = 0.028 
CL3 = 1- CL1- CL2- CL4 = 0.759 
CL4 = 1-F(1.88-1.77) = 0.107 
 
and the true dry gamma dose rate of sample LEWP 1.77 can be expressed as: 
 
D = CL1·DL1 + CL2·DL2 + CL3·DL3 + CL4·DL4 =1.63 ± 0.13 Gy/ka 
 
where the error is based on an uncertainty of 10% for CL1 to CL4. After moisture content 
attenuation correction, the final gamma dose rate of LEWP 1.77 is 1.04 ± 0.13 Gy/ka, which 
is only ~2% higher than the original gamma dose rate (uncorrected for gamma heterogeneity) 
(1.02 ± 0.10 Gy/ka).  
 
The above correction method is applied to seven other samples from the LEWP1 core. The 
variation of the gamma dose rate due to the above correction is ~2-25% for these samples 
(Table S1). These gamma dose rate corrections have changed the total environmental dose 
rates by ~1-7% for quartz and ~1-6% for K-feldspar.  
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S3. Luminescence characteristics and performance of procedures 
 
S3.1. Single-aliquot quartz OSL dating 
 
Luminescence characteristics: A representative quartz OSL decay curve is shown in Fig. S4, 
which can be seen to exhibit a dominant fast component. The inset of Fig. S4 shows a typical 
DRC for the quartz OSL signal. The suitability of the SAR procedure is examined using two 
internal quality assurance criteria: the recycling ratio and recuperation percentage (Murray 
and Wintle, 2000). An average recycling ratio consistent with unity at 1 and an average 
recuperation of <1% was observed for all of the samples. These results suggest the sensitivity 
correction is effective and the impact of charge transfer is negligible, and confirm the 
suitability of the SAR procedure. In order to validate the chosen preheat/cutheat combination, 
a dose recovery test (Murray and Wintle, 2003) was conducted. For this test,  irradiations of 
203 or 276 Gy were given to 20 discs of sample LEWP 0.50 after 1 hour of solar simulator 
bleaching, and then the discs were measured using the procedure shown in Table S3a. The 
observed average recovered-to-given dose ratio is 0.95 ± 0.05, supporting the appropriateness 
of the selected measurement conditions.  
 
Performance of the SGC method: Fig. S5a shows the effect of applying the SGC method to 
nine discs of sample LEWP 1.40. Prior to re-normalisation, the sensitivity-corrected 
regenerative signals display obvious inter-aliquot scatter. This scatter is significantly reduced 
after re-normalisation using a regenerative dose signal of 168 Gy. A similar reduction in 
scatter is also observed for the sensitivity corrected natural signals (Ln/Tn). Li et al. (2015a) 
suggested that for different samples, it may be possible to establish a “common SGC” that 
can be used to further save machine time. In order to test this approach, we have compared 
the SGCs of four non-saturated LEWP1 core samples. Fig. S5b shows that below ~100 Gy, 
the SGCs of the four samples are similar, supporting the feasibility of a common SGC in this 
dose range. However, this uniformity does not hold true over dose ranges higher than ~100 
Gy, for which significant deviation in SGCs is observed between the four samples. 
Considering that the De values of our samples are all distributed within 130-560 Gy, we have 
opted to use sample-specific SGCs rather than a common SGC for De evaluation. Fig. S5c 
shows a comparison of the De values obtained using the SGC method and the conventional 
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SAR method. For all of the four samples, the SGC method yields De values consistent with 
that of the SAR method. This suggests that the SGC method can be effectively used for 
single-aliquot OSL De determination in this study.  
 
S3.2. Single-aliquot K-feldspar pIRIR dating 
 
Luminescence characteristics: In the MET-pIRIR procedure, five IRSL/pIRIR signals and 
five DRCs are obtained, corresponding to IR stimulation temperatures of 50, 100, 150, 200 
and 250 
o
C. Figs. S6a and S6b show typical IRSL/pIRIR signal decays and corresponding 
DRCs for the five IRSL/pIRIR signals. For all the LEWP1 core samples, the 
sensitivity-corrected natural signals lie far below the signal saturation levels, and are 
therefore within the reliable dating range of the pIRIR protocol. The average recycling ratios 
for all samples are consistent with unity at 1  and the average recuperation values are <2%. 
A dose recovery test was carried out on 5 discs of sample LEWP 3.63 by applying a  dose of 
323 Gy after 4 hours of solar simulator bleaching, and then measuring the pIRIR De value 
using the procedure in Table S3b. After subtraction of the residual dose (i.e., De remaining 
after solar simulator bleaching), the dose recovery ratios for all of the five signals are within 
10% of unity (Fig. 6a in the main text). These results confirm the suitability of the 
MET-pIRIR procedure when applied to a solar bleached and non-thermally treated sample. 
 
Performance of the SGC method: As with the single-aliquot quartz OSL dating procedure, a 
re-normalisation SGC method (Li et al., 2015b) was used to save machine time and reduce 
inter-aliquot scatter when deriving K-feldspar pIRIR De values. The possibility of 
establishing a “common SGC” between samples was also explored by comparing the 
re-normalised IRSL/pIRIR signals for different samples. Figs. S7a-e show that over dose 
ranges of 0-650 Gy, the re-normalised IRSL and pIRIR DRCs of six samples (all normalised 
to 442 Gy) are highly reproducible, and can be well fitted using an exponential plus linear 
function. This suggests we are able to construct a common SGC that is applicable to different 
samples and further save on De measurement time. This is confirmed in Figs. S8a-e, which 
compare the De values obtained using the common SGCs and using the full MET-pIRIR for 
five IRSL and pIRIR signals of six samples. For all of the five signals, the De values derived 
from the two methods agree with each other at 1σ. We have therefore applied the common 
SGCs in Fig. S7a-e to the De measurements of all LEWP1 core samples.  
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It should be noted that in Fig. S7, common SGCs are constructed for five MET-pIRIR signals 
using six LEWP1 core samples. In order to test the applicability of these common SGCs to 
the other five LEWP1 core samples, which are not used in SGC establishment, we have 
applied a regenerative dose recovery test, as suggested by Burbidge et al. (2006). For this 
purpose, we first measured the natural signal and corresponding test dose signals of the five 
samples using multi-grain aliquots. Two regenerative doses were then given to these aliquots 
and their signals and corresponding test dose signals were measured. The first regenerative 
dose (R1) is a normalisation dose, whose signal is used for normalising all data points onto 
the re-normalised SGCs, as required by the method of Li and Li (2015a, b). The second 
regenerative dose (R2) is selected to be close to the expected natural dose. The signal of R2 is 
also re-normalised using the signal of R1, and this re-normalised regenerative signal is 
subsequently interpolated onto the SGC to calculate a recovered dose. If the recovered dose is 
consistent with the expected dose R2, it suggests that the common SGC is suitable for the 
measured sample.  
 
The regenerative dose recovery results for the five samples are shown in Figs. S9a-e for 
different IRSL and pIRIR signals. For all of the five signals and all of the five samples, the 
ratios between the recovered doses and the true regenerative doses are within 0.9 to 1.1, and 
all dose recovery ratios are consistent with unity at the 1  uncertainty range. These results 
indicate that the regenerative doses can be successfully recovered when applying the common 
SGCs. The results in Fig. S9 suggest that the shape of the individual re-normalised SGCs for 
the five samples are similar to the common SGCs shown in Figs. S7a-e. Thus, it is feasible to 
use the common SGCs for De measurements for these five samples. 
 
S3.3. Single-aliquot quartz TT-OSL dating 
 
Luminescence characteristics: Representative single-aliquot TT-OSL signal decay curves 
and corresponding DRC are given in Figs. S10a and S10c. The TT-OSL signal is several 
orders of magnitude weaker than the previously measured OSL signal, yet strong enough for 
De determination. The sensitivity-corrected natural TT-OSL signals of these samples lie 
within the linear range of the DRC (Fig. S10c). For the six measured samples, the recycling 
ratios are consistent with unity at 1 and the recuperation values are all <2%. It is noteworthy 
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that for all samples, a remnant of the main OSL signal (the slow component) underlies the 
following TT-OSL signal (Fig. S10b) (e.g., Wang et al., 2006). It has been reported that 
significant slow components can adversely affect single-aliquot TT-OSL dating reliability, 
particularly when thermally unstable slow components are identified (e.g. Tsukamoto et al., 
2008; Brown and Forman, 2012; Demuro et al., 2015). Therefore, removing the influences of 
slow component TT-OSL is often seen as beneficial for obtaining more accurate ages. To test 
the impact of this slow component and also to validate the TT-OSL measurement procedure, 
we conducted a 304 Gy dose recovery test on aliquots of LEWP 0.50 after 8 hours of solar 
simulator bleaching. We calculated the dose recovery ratio using three background (BG) 
subtractions methods: a late BG evaluated from the last 5 s of the TT-OSL signal, an early 
BG evaluated from the 2 s immediately follows the initial 0.4 s TT-OSL signal, and a BG 
evaluated from the last 2 s of the preceding OSL signal. The latter two methods are both 
expected to remove the contribution of slow component in the net TT-OSL signal. After 
residual dose correction (subtraction of De remaining after 8 hours of solar simulator 
bleaching), the recovered-to-given dose ratios obtained are 1.11 ± 0.03, 1.13 ± 0.06 and 0.96 
± 0.07 for the three methods, respectively. The most reliable dose recovery results are 
therefore obtained using a BG evaluated from the last 2 s of the previous OSL decay curve. 
Based on these results, we have used the previous OSL BG subtraction method for all our 
single-aliquot TT-OSL De evaluations. 
 
TT-OSL thermal stability correction: Although there is no direct evidence to suggest that the 
TT-OSL signals of our samples are instable, we have undertaken tentative lifetime 
corrections for the TT-OSL ages of the LEWP1 core samples, in order to show the impact of 
such a correction on the final ages. In performing the thermal stability correction, we have 
assumed that the kinematic parameters of our samples are similar to those reported by 
Adamiec et al. (2010), and have assumed that the long-term average burial temperature at 
Williams Point is 20 °C (see discussion in the main text). The lifetime of charge in the 
TT-OSL trap that is estimated using these trap parameters and mean burial temperature, 
which is obtained using equation: 
 
( )1
E
kTe
s
   
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where  is the lifetime of charge in the trap, s is the escape frequency, E is the trap depth, T is 
the average temperature and k is the Boltzmann constant. When assuming the TT-OSL signal 
grows linearly during burial, which is sound for the LEWP1 core samples (Fig. S10c), the 
TT-OSL age can be corrected for the thermal lifetime using the following equation (Ademiac 
et al., 2010; Duller et al., 2015): 
 
ln(1 )mc
Age
Age 

     
 
where Agem is the measured age and Agec is the corrected age.  
 
We have applied the above correction method to the TT-OSL ages of six LEWP1 core 
samples, and compared the corrected and uncorrected TT-OSL ages in Table S5. It is 
observed that after the thermal stability correction, the TT-OSL ages has increase by ~10-25% 
for these samples. However, for all of these samples, the thermal lifetime corrected TT-OSL 
ages are still in agreement with the uncorrected TT-OSL ages and the corresponding replicate 
pIRIR ages at 1 or 2 . Therefore, the thermal stability corrected and uncorrected TT-OSL 
ages both equally support the K-feldspar pIRIR dating results. 
 
S3.4. Single-grain quartz OSL and TT-OSL dating  
 
Application of the SAR quality-assurance criteria of Arnold et al. (2013, 2014) resulted in 5 – 
9 % of the measured grains being accepted for De determination (Table S4). The majority of 
remaining grains were eliminated for having very weak Tn signals (60-82%), poor recycling 
ratios (5-12%) and poor / scattered dose-responses that could not be fitted with the Monte 
Carlo procedure (8-12%) (Table S4). The proportions of grains rejected during the dose 
recovery test for failing the various SAR quality-assurance criteria are broadly consistent 
with the corresponding proportions shown for the natural OSL and TT-OSL De 
measurements of LE14-1. 
 
Fig. S11 shows representative OSL and TT-OSL dose-response/decay curves for grains that 
passed the SAR quality assurance criteria and were used for dating purposes. The majority of 
accepted grains display rapidly decaying OSL curves (reaching background levels within 0.5 
s) and reasonably bright natural test dose (Tn) intensities of 500 – 5000 cts / 0.17 s / 10 Gy 
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(Fig. S11a). The single-grain OSL dose response curves are generally well-represented by 
either a single saturating exponential function or a saturating exponential plus linear function, 
as has been widely reported for individual quartz grains (e.g., Jacobs et al., 2008; Arnold et 
al., 2011, 2016). The single-grain TT-OSL decay curves have lower Tn intensities of 100 – 
1000 cts / 0.17 s / 150 Gy, and the corresponding dose response curves are generally well 
characterised by single saturating exponential fitting functions and continued signal growth at 
high doses (10
2
-10
3
 Gy) (Fig. S11b). 
 
Dose recovery tests performed on LE14-1 attest to the general suitability of the single-grain 
OSL and TT-OSL SAR procedures shown in Table S3d-e. A 184 Gy OSL dose recovery test 
was applied to 1000 artificially bleached quartz grains (bleached using 2 x 1000 s blue diode 
stimulation at 30
o
C with a 10,000 s intervening pause), and yielded an accurate measured to 
given dose ratio of 1.06 ± 0.03 with an overdispersion of 15 ± 4% (Fig. 8a in the main text). 
A TT-OSL dose-recovery test was performed on a batch of 1000 unbleached grains owing to 
the long periods of light exposure needed to bleach natural TT-OSL signals down to low 
residual levels for all grains (e.g., Demuro et al., 2015). A known (218 Gy) laboratory dose of 
similar magnitude to the expected De was added on top of the natural signal for these grains 
(Fig. 8b in the main text). The recovered dose was then calculated by subtracting the 
weighted mean natural De of sample LE14-1 (194 ± 12 Gy) from the weighted mean De of 
these unbleached and dosed grains (428 ± 26 Gy). This approach yielded a net (i.e., 
natural-subtracted) recovered-to-given ratio of 1.07 ± 0.09 and an overdispersion value of 27 
± 6% for the unbleached and dosed batch of grains. 
 
S4. Additional information on Bayesian modelling 
 
S4.1. Details for testing the two scenarios 
 
Two modelling scenarios were tested for the LEWP sequence: Model 1 assumes continuous 
lacustrine deposition through time without any major hiatuses or erosional events between 
identified sedimentary units. For this purpose we inserted a series of boundaries within the 
P_Sequence model at -1670, -1400 and -1356 cm AHD to delineate sedimentological 
changes between Units E, D, C and A. Model 2 does not assume continuous lacustrine 
deposition and accommodates potential hiatuses and / or erosional discontinuities between 
the various sedimentary units. Model 2 is conceptually similar to Model 1 but the various 
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units are represented by separate P_Sequences, each with delineating start and end 
boundaries, nested within a master Sequence according to stratigraphic priors. This model 
structure is designed to accommodate two potential event boundaries (e.g., the end of one 
depositional event and the beginning of a subsequent depositional event) at the same depth in 
the Sequence framework, thereby enabling hiatus events to be more explicitly represented in 
the model. Unit boundary depths were kept the same in both models for consistency. 
 
S4.2. Bayesian modelling results for Model 1 
 
The Bayesian modelling results for Model 1 are summarised in Table S6, Table S7 and 
Fig.S12. The 1σ ranges of the posterior likelihood distributions are reduced by an average of 
29% for Model 1 when compared with the original dating sample uncertainties. Model 1 
returned mean boundary ages of 207.2 ± 15.8 ka to 189.6 ± 10.0 ka for the basal transgressive 
sediments (Unit E), 189.6 ± 10.0 ka to 170.7 ± 9.6 ka for the deep-water lacustrine phase 
(Unit D), 170.7 ± 9.6 ka to 145.7 ± 13.6 ka for the palaeo-playa deposits (Unit C), and 145.7 
± 13.6 ka to 127.2 ± 12.7 ka for the shallow-water lacustrine unit (Unit A) (Table S6). The 
average sedimentation rates of these four units (from bottom to top) are 0.04, 0.14, 0.02 and 
0.20 m/ka using the posterior boundary age distributions of Model 1.  
 
The Bayesian modelling results for Model 2 are summarised in Table 3 and Fig. 10 in the 
main text and Table S7. The main difference between the two modelling results is the 
identification of a potential 23 ka depositional hiatus between Units D and C (181-158 ka) in 
Model 2 (Table 3 in the main text). This temporal gap is confirmed as being statistically 
significant at the 95.4% CI using the difference query (modelled temporal range between the 
upper boundary of Unit D and the lower boundary of Unit C does not overlap with 0 ka at the 
95.4% CI; see Table S7 footnote). 
 
S4.3. Assessing the statistical validity of the modelling results 
 
In order to assess the statistical validity of the modelling results, we have used the model 
agreement index (Amodel), which measures the overlap between the measurement data and the 
modelled posterior distributions as a whole, and the overall agreement index (Aoverall), which 
is a product of the individual agreement indices (Ai: correspondence between individual 
likelihood and posterior distributions) for each modelled dating sample (Bronk-Ramsey, 
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2009). The continuous deposition model (Model 1) yielded Amodel and Aoverall values of 46 and 
55%, which are below the recommended internal consistency threshold of 60%, and likely 
reflect the rigidity of the prior constraints (continuous deposition and absence of temporal 
hiatuses between units). The non-continuous deposition model (Model 2) produced Amodel and 
Aoverall values of 71 and 76%, which are higher than the preferable acceptance threshold value 
of 60% (Bronk-Ramsey, 2009) and are indicative of adequate modelling agreement. None of 
the likelihoods returned individual posterior outlier probabilities of 60-100%, which would 
potentially constitute major statistical outliers and would contribute relatively little to the 
modelled chronology when using the general outlier function (Table 3 in the main text and 
Table S6 in the SI).  
 
We favour Model 2 (Table 3 and Fig. 10 in the main text) for reconstructing the final 
lacustrine chronological sequence at Williams Point based on its superior diagnostic 
indicators (agreement indices and posterior outlier probabilities), and the fact that the 
stratigraphic assumptions of this model (non-continuous deposition) are in better accordance 
with sedimentological interpretations for the LEWP1 core and the broader Lake Eyre record 
(Magee et al., 1995; Cohen et al., 2015).  
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Table S1 A summary of the dose rate results 
 
a
 The relative uncertainty for the moisture contents is set to be 25%.  
b
 For the LEWP1 core samples, no HF etching was conducted on the quartz and K-feldspar grains. The alpha, beta and gamma dose rates are 
calculated using U, Th and K contents measured using ICP-MS and ICP-OES (Table 1 in the main text). For samples which have heterogeneous 
gamma dose rates within 30 cm, the gamma dose rate is corrected using the model of Aitken (1985, p289-293) (see section S2.2.) For sample 
Sample  
Depth below 
surface (m) 
AHD 
Depth (m) 
Mineral 
Grain 
size (m) 
Moisture 
content (%)a 
Alpha dose 
rate (Gy/ka)b 
Beta dose 
rate (Gy/ka)b 
Uncorrected 
gamma dose 
rate(Gy/ka)b 
Corrected 
Gamma dose 
rate (Gy/ka)b 
Cosmic ray 
(Gy/ka) 
External dose 
rate (Gy/ka) 
Internal dose 
rate (Gy/ka) 
Total dose 
rate (Gy/ka) 
LE14-1 0.70  -10.74  Quartz  212-250 60  - 0.85±0.04 0.47±0.02 - 0.03±0.01 1.35±0.08 0.03±0.01 1.38±0.08 
LEWP 0.50 0.50  -13.93  
Quartz  45-63 
47 
0.06±0.01 0.74±0.07 0.44±0.04 0.47±0.06 
0.20±0.02 
1.47±0.10 0.02±0.01 1.49±0.10 
K-feldspar 45-63 0.15±0.06 0.74±0.07 0.44±0.04 0.47±0.06 1.56±0.11 0.29±0.04 1.85±0.12 
LEWP 0.89 0.89  -14.32  
Quartz  45-63 
36 
0.10±0.02 0.96±0.08 0.61±0.05 0.58±0.07 
0.18±0.02 
1.82±0.11 0.02±0.01 1.84±0.11 
K-feldspar 90-180 0.11±0.05 0.93±0.08 0.61±0.05 0.58±0.07 1.80±0.12 0.64±0.17 2.44±0.21 
LEWP 1.21 1.21  -14.64  K-feldspar 63-90 49 0.15±0.06 0.92±0.09 0.60±0.06 0.62±0.08 0.18±0.02 1.87±0.14 0.39±0.06 2.26±0.15 
LEWP 1.40 1.40  -14.83  
Quartz  45-63 
48 
0.12±0.03 1.10±0.11 0.74±0.07 0.85±0.10 
0.17±0.02 
2.24±0.15 0.02±0.01 2.26±0.15 
K-feldspar 45-63 0.30±0.13 1.10±0.11 0.74±0.07 0.85±0.10 2.42±0.19 0.29±0.04 2.72±0.20 
LEWP 1.58 1.58  -15.01  
Quartz  45-63 
50 
0.38±0.11 2.36±0.24 1.81±0.18 1.47±0.19 
0.17±0.02 
4.38±0.33 0.02±0.01 4.40±0.33 
K-feldspar 45-63 0.95±0.47 2.36±0.25 1.81±0.18 1.47±0.19 4.96±0.56 0.29±0.04 5.25±0.56 
LEWP 1.77 1.77 -15.20 K-feldspar 90-180 50 0.22±0.11 1.36±0.14 1.02±0.10 1.04±0.13 0.16±0.02 2.80±0.20 0.64±0.17 3.41±0.28 
LEWP 2.15 2.15  -15.58  
Quartz  45-63 
53 
0.11±0.03 0.95±0.10 0.65±0.06 - 
0.15±0.02 
1.85±0.12 0.02±0.01 1.88±0.12 
K-feldspar 45-63 0.27±0.11 0.95±0.10 0.65±0.06 - 2.02±0.16 0.29±0.04 2.31±0.17 
LEWP 2.35 2.35 -15.78 K-feldspar 90-180 49 0.11±0.05 0.95±0.10 0.64±0.06 - 0.15±0.02 1.85±0.13 0.64±0.17 2.49±0.21 
LEWP 2.73 2.73  -16.16  
Quartz  45-63 
48 
0.13±0.03 1.09±0.11 0.76±0.07 - 
0.14±0.01 
2.13±0.14 0.02±0.01 2.15±0.14 
K-feldspar 45-63 0.33±0.14 1.09±0.11 0.76±0.07 - 2.33±0.19 0.29±0.04 2.63±0.20 
LEWP 3.63 3.63  -17.06  
Quartz  45-63 
36 
0.06±0.02 0.48±0.04 0.33±0.03 0.35±0.04 
0.13±0.01 
1.03±0.06 0.02±0.01 1.05±0.06 
K-feldspar 45-63 0.15±0.06 0.49±0.04 0.33±0.03 0.35±0.04 1.12±0.09 0.29±0.04 1.41±0.10 
LEWP 3.82 3.82  -17.25  
Quartz  45-63 
37 
0.08±0.02 0.66±0.06 0.45±0.04 0.44±0.05 
0.13±0.01 
1.30±0.08 0.02±0.01 1.32±0.08 
K-feldspar 63-90 0.14±0.06 0.65±0.06 0.45±0.04 0.44±0.05 1.36±0.10 0.39±0.06 1.75±0.12 
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LE14-1, HF etching has been conducted on the measured quartz grains. Therefore, no alpha dose rate is included for this sample. The beta dose 
rate of this sample has been measured using low-level beta counting and the gamma dose rate has been determined using in situ gamma 
spectrometry measurements. Any spatial heterogeneity in the gamma dose rate of this sample will have been adequately represented using in situ 
gamma spectrometry; hence there is no need to incorporate a gamma dose rate correction for this sample. The cosmic dose rate of LE14-1 is 
much smaller than the other samples because it was sampled from the lacustrine sequence underlying the Williams Point cliff exposure – i.e. it is 
overlain by 16 m of overburden thickness, whereas the other samples have been collected from the lake floor and hence were devoid of this 
overburden thickness. 
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Table S2 A summary of the HRGS results 
 
  238U (Bq/kg) 226Ra (Bq/kg) 210Pb (Bq/kg) 228Ra (Bq/kg) 228Th (Bq/kg) 40K (Bq/kg) 
LEWP0.89 48.53 ± 2.41 51.70 ± 0.79 53.69 ± 3.40 18.66 ± 0.96 19.47 ± 0.69 293.62 ± 8.23 
LEWP1.21 45.74 ± 3.01 51.37 ± 0.80 55.61 ± 4.48 28.73 ± 1.03 28.91 ± 0.85 331.50 ± 9.06 
LEWP1.40 75.67 ± 3.77 73.75 ± 1.10 75.43 ± 4.00 28.18 ± 1.19 27.71 ± 0.94 354.16 ± 10.11 
LEWP1.58 264.77 ± 6.47 264.20 ± 3.27 268.49 ± 9.23 28.46 ± 1.32 29.40 ± 1.27 364.16 ± 10.39 
LEWP1.77 124.23 ± 3.61 124.39 ± 1.62 124.67 ± 6.11 28.68 ± 1.06 27.74 ± 0.99 329.53 ± 9.01 
LEWP2.73 81.16 ± 3.63 87.41 ± 1.27 95.34 ± 4.90 26.09 ± 1.20 26.18 ± 0.97 297.70 ± 9.24 
LEWP3.82 45.42 ± 2.36 45.13 ± 0.70 46.43 ± 2.80 11.85 ± 0.75 12.46 ± 0.57 173.20 ± 5.68 
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Table S3 Summary of single-aliquot De measurement procedures for the LEWP1 core samples and the single-grain De measurement procedures 
for sample LE14-1. 
  (a) Single-aliquot OSL   
(b) Single-aliquot 
MET-pIRIR  
  (c) Single-aliquot TT-OSL  (d) Single-grain OSL   (e) Single-grain TT- OSL 
Step Treatment / Observed  
 
Treatment / Observed  
 
Treatment/Observed   Treatment / Observed   Treatment / Observed 
1 Dose (natural or regenerative) 
 
Dose (natural or regenerative) 
 
Dose (natural or regenerative)  Dose (natural or regenerative)  Dose (natural or regenerative) 
2 Preheat (260°C, 10s) 
 
Preheat (300°C, 10s) 
 
Preheat (260°C, 10s)  IRSL (50ºC, 60s) a  Preheat (260°C, 10s) 
3 OSL (125°C, 40s) / Lx  
IRSL (50°C, 100s) / Lx50  
OSL (125°C, 100s)  Preheat (260°C, 10s)  SG OSL (125°C, 3s) 
4 Test dose 
 
IRSL (100°C, 100s) / Lx100  
Preheat (260°C, 10s)  SG OSL (125°C, 2s) / Lx  Preheat (260°C, 10s) 
5 Cutheat (220 °C) 
 
IRSL (150°C, 100s) / Lx150  
OSL (125°C, 100s) / Lx  Test dose  SG OSL (125°C, 3s) / Lx 
6 OSL (125°C, 40s) / Tx  
IRSL (200°C, 100s) / Lx200  
Test dose  Preheat (160°C, 10s)  OSL (280ºC, 400 s) 
7 OSL hot bleach (280°C, 40s) 
 
IRSL (250°C, 100s) / Lx250  
Preheat (220°C, 10s)  SG OSL (125°C, 2s) / Tx  Test dose 
8 Return to step 1 
 
Test dose 
 
OSL (125°C, 100s) / Tx  Return to step 1  Preheat (260°C, 10s) 
9 
  
Preheat (300°C, 10s) 
 
Thermal treatment (350°C, 200s)    SG OSL (125°C, 3s) 
10 
  
IRSL (50°C, 100s) / Tx50  
Return to step 1    Preheat (260°C, 10s) 
11 
  
IRSL (100°C, 100s) / Tx100   
   SG OSL (125°C, 3s) / Tx 
12 
  
IRSL (150°C, 100s) / Tx150   
   OSL hot bleach (290 oC, 400s) 
13 
  
IRSL (200°C, 100s) / Tx200   
    
14 
  
IRSL (250°C, 100s) / Tx250   
    
15 
  
IRSL hot bleach (320°C, 100s) 
  
    
16     Return to step 1            
 
a
 Step 2 is only included in the single-grain OSL SAR procedure when measuring the OSL-IR depletion ratio (Duller, 2003). For single-aliquot 
OSL, single-aliquot TT-OSL and single-grain TT-OSL De measurements, feldspar contamination was checked by measuring the OSL-IR 
depletion ratio separately and in the standard manner shown for single-grain OSL measurements. 
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Table S4 Summary of the single-grain OSL and TT-OSL classification statistics for the 
natural De and dose recovery test (DRT) measurements of sample LE14-1. The proportion of 
grains that were rejected from the final De estimation after applying the various SAR quality 
assurance criteria of Arnold et al. (2013, 2014) are shown in rows 5-14. 
 
 
a
 The high-dose recycling ratio criteria was not applied to the single-grain TT-OSL De 
estimation procedure (see Arnold et al., 2014).  
 
 
  
Sample name  LE14-1 LE14-1 LE14-1 LE14-1 
SAR measurement type OSL De OSL DRT TT-OSL De TT-OSL DRT 
Total measured grains 1000 1000 1500 1000 
Reason for rejecting grains from De analysis  %   %   %   %  
Tn <3σ background 60 63 82 82 
Low-dose recycling ratio ≠ 1 at ±2σ 8 7 5 4 
High-dose recycling ratio ≠ 1 at ±2σ 4 2 – a – a 
OSL-IR depletion ratios <1 at ±2σ 3 3 0 0 
0 Gy Lx/Tx >5% Ln/Tn  2 1 <1 0 
Non-intersecting grains (Ln/Tn > dose response curve saturation) <1 <1 0 0 
Saturated grains (Ln/Tn ≥ dose response curve Imax at ±2σ) <1 <1 0 0 
Anomalous dose response / unable to perform Monte Carlo fit 12 15 8 9 
Sum of rejected grains (%) 91 92 95 95 
Sum of accepted grains (%) 9 8 5 5 
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Table S5 Summary of single-aliquot TT-OSL thermal stability correction results 
 
 
  
Sample  
K-feldspar pIRIR age 
(ka) 
Uncorrected TT-OSL 
age (Agem, ka) 
Thermal lifetime corrected 
TT-OSL age (Agec, ka) 
Increase of age after 
correction (%) 
LEWP 0.50 147.68±12.04 132.71 ± 14.48 150.79 ± 18.80 14  
LEWP 0.89 192.41±19.55 216.76 ± 18.10 271.72 ± 29.00 25  
LEWP 1.58 120.09±14.13 101.89 ± 11.35 112.10 ± 13.79 10  
LEWP 2.15 182.30±15.83 167.62 ± 17.70 197.98 ± 24.96 18  
LEWP 2.73 182.58±16.82 169.86 ± 13.56 201.14 ± 19.26 18  
LEWP 3.82 223.49±17.71 188.18 ± 23.70 227.69 ± 35.20 21  
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Table S6 Summary of Bayesian modelling results obtained using a continuous deposition modelling scenario (Model 1). The unmodelled and 
modelled age estimates have been rounded to the nearest 50 years. 
 
  
Boundary 
Dating  
sample 
Depth  
(cm  
AHD) 
Unmodelled age (years before AD2014) Modelled age (years before AD2014) 
Agreement 
index  
(Ai) 
(%) 
Posterior 
outlier 
probability 
(%) 68.2% range  95.4% range  Mean ± 1σ 68.2% range  95.4% range  Mean ± 1σ 
Unit A  -985      117900 – 140350  103850 – 150800  127200 ± 12650   
 
LE14-1 (SG 
OSL+SG TT-OSL) 
-1074 122300 – 140800  113450 – 149700  131550 ± 9050 122750 – 142450   110850 – 153500   131650 ± 11100 100.5 4 
Unit A – Unit C  -1356      132350 – 159250  121750 – 172550  145700 ± 13550   
 LEWP 0.5 (pIRIR) -1393 135400 – 159950  123600 – 171750  147700 ± 12050 157650 – 174950  147750 – 182300  165500 ± 8600 57.1 0 
Unit C – Unit D  -1400      161550 – 180950   151450 – 188750   170650 ± 9550   
 LEWP 0.89 (pIRIR) -1432 172450 – 212350   153300 – 231500  192400 ± 19550 164550 – 182150   155600 - 190000  173000 ± 8550 85.6 7 
 LEWP 1.21 (pIRIR) -1464 186450 – 220250   170250 – 236450  203350 ± 16550 167250 – 183450   159650 – 190900   175250 ± 7750 37.8 18 
 LEWP 2.15 (pIRIR) -1558 166150 – 198450   150650 – 213950  182300 ± 15850 174350 – 189400   167250 – 196050   181800 ± 7250 133.2 2 
 LEWP 2.35 (pIRIR) -1578 180850 – 221450   161350 – 240950  201150 ± 19900 175550 – 191100   168000 – 198050   183200 ± 7500 92.6 6 
 LEWP 2.73 (pIRIR) -1616 165400 – 199750   148950 – 216200  182600 ± 16800 177200 – 194200   169100 – 202600  185800 ± 8300 129.7 1 
Unit D – Unit E  -1670      178800 – 198750   170500 - 209650  189550 ± 9950   
 LEWP 3.63 (pIRIR) -1706 156400 – 193000   138800 – 210600  174700 ± 17950 187050 – 208050   177200 – 218450   197800 ± 10300 68.8 1 
 LEWP 3.82 (pIRIR) -1725 205450 – 241550   188050 – 258900  223500 ± 17700 189100 – 214050  178300 – 228050   202700 ± 12550 71.5 11 
Unit E bottom  -1743      189700 – 220050  179800 – 237100  207200 ± 15750   
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Table S7 Bayesian modelled posterior age ranges and depositional durations for the LEWP 
stratigraphic units. The modelled durations of potential temporal hiatuses between successive 
unit boundaries are also shown for Model 2 (Unit A – Unit C boundary etc). Posterior 
ages/durations are presented as the 68.2% and 95.4% highest probability density ranges. The 
mean and 1σ uncertainty ranges of the modelled posterior distributions are shown for 
comparison (assuming a normally distributed probability density function). 
 
a
 Modelled age ranges were calculated from the posterior probabilities of the upper and lower 
boundaries (top and bottom) of each stratigraphic unit (see Table S6 for Model 1 and Table 3 
in the main text for Model 2) using the date query function in OxCal v4.2. Modelled 
durations were calculated using the difference query function, and provide the temporal range 
between the posterior probability density distributions of successive stratigraphic boundaries. 
Unit / boundary 
Time 
variable 
Modelled age (years before AD2014) a Modelled duration (years) a, b 
68.2% range 95.4% range Mean ± 1σ 68.2% range 95.4% range Mean ± 1σ 
(a) Model 1 – continuous deposition 
Unit A age range 125450 – 148550 112450 - 162250 136400 ± 12700    
Unit A duration    -9 – 23200 -1 – 48300 18450 ± 15100 
Unit C age range 147600 – 171300  133950 – 181050 158150 ± 12150    
Unit C duration    2900 – 35300 -10 – 52850  25000 ± 15650 
Unit D age range 170600 – 189500  160550 – 199850  180100 ± 9750    
Unit D duration    10 – 23950  2 – 44750 18900 ± 13450 
Unit E age range 184750 – 208450 174700 – 223750  198400  ± 12600    
Unit E duration    1 – 21850 -9 – 47900 17700 ± 15500 
(b) Model 2 – Non-continuous deposition 
Unit A  age range 114000 – 141700  80800 – 149000  121500 ± 17600    
Unit A duration    12 – 19750  2 – 49000  16850 ± 16200 
Unit A – Unit C boundary duration    -9 – 15500  -9 – 35250  12850 ± 11500 
Unit C age range 140000 – 163300 125750 – 174450  150300 ± 12300    
Unit C duration    -9 – 17700  -9 - 43550 15050 ± 13950 
Unit C – Unit D boundary duration    7150 – 34450  2 – 45500  22900 ± 12800 
Unit D age range 177800 - 194750 168900 – 202500  185950 ± 8500    
Unit D duration    -9 – 12700  -9 – 29250  10350 ± 9200 
Unit D – Unit E boundary duration    -9 – 11500  -9 – 26000  9450 ± 8050 
Unit E age range 196750 – 220500  186450 – 237350  210900 ± 14150    
Unit E duration    4 – 24600  -9 – 55000 20750  ± 19900 
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b
 The OxCal difference function can be used to test whether or not the posterior probability 
distributions of successive stratigraphic boundaries are significantly different from each other 
at a given confidence interval. When the difference function is applied to adjacent boundaries 
of two different stratigraphic units in Model 2 (e.g. Unit C – Unit D boundary), it provides a 
statistical indication of the presence or absence of potential depositional hiatuses (given the 
available dating evidence). Calculated duration ranges that overlap with 0 at the 95.4% 
confidence interval suggest that the boundaries of successive units are not separated by a 
statistically significant temporal hiatus. Calculated duration ranges that do not overlap with 0 
at the 95.4% confidence interval indicate potentially missing material and / or a temporal gap 
between the boundaries of successive units. When the difference function is applied to the 
upper and lower boundaries of the same stratigraphic unit (as opposed to the adjacent 
boundaries of successive units), a calculated duration of >0 years indicate a statistically 
significant temporal difference between the onset and termination of the depositional event. 
In contrast, calculated duration ranges that overlap with 0 indicate statistically 
indistinguishable onset and termination ages for the depositional event at a given confidence 
interval.  
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Fig. S1. A schematic sedimentary log of the LEWP2 core and photos of the LEWP2 core. Note that sample LE14-1 was collected from the 
William Point exposure rather than LEWP2 core. The AHD position of LE14-1 is equal to the black filled circle in the schematic profile.  
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Fig. S2. Comparison of final dose rates (after moisture and grain size attenuations) estimated 
using the ICP-MS/OES technique and the HRGS technique for quartz (a) and K-feldspar (b) 
fractions of 7 replicate samples. See details of moisture contents and used grain sized in 
Table S1.  
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Fig. S3. Schematic figure showing the stratigraphic setting of sample LEWP 1.77. This 
sample was collected from a position where the gamma dose rate is affected by four 
sedimentary layers with heterogeneous radioactivity. The numbers on the left show boundary 
depths of different layers. The yellow numbers show dry gamma dose rates for different 
samples collected from different layers. The gamma dose rate of sample LEWP 1.77 was 
revised following Aitken (1985), see details in section S2.2.  
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Fig. S4. Natural quartz OSL decay curve for one aliquot of sample LEWP 0.50, which is 
representative for the LEWP1 core samples. The upper inset shows the relative contribution 
of the fast (black dashed line), medium (red dotted line) and slow (includes background; 
green dash-dotted line) components when the decay curve is fitted using a three exponential 
decay function (note the logarithmic scale for the x-axis). The lower inset shows the 
corresponding dose response curve of this aliquot. The sensitivity corrected natural signal is 
plotted on the y-axis.  
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Fig. S5. Performance of the re-normalisation SGC method for single-aliquot quartz OSL 
dating. (a) Sensitivity corrected natural and regenerative signals of sample LEWP 1.40 before 
(filled circles) and after (open diamonds) re-normalisation. The latter were calculated using a 
re-normalisation dose of 168 Gy. The natural signals are plotted on the y-axis. Note that the 
re-normalised data are offset slightly to the right on the x-axis for clarity. The dashed line is 
the re-normalised SGC, which is best fitted using an exponential plus linear function. (b) The 
re-normalised SGCs of four samples from the LEWP1 core. All SGCs are multiplied by a 
factor that makes the SGCs pass through a value of unity at 100 Gy. This is equal to 
normalising all SGCs using a regenerative dose signal at 100 Gy. The yellow band indicates 
the dose range in which the individual De values of the four samples lie. (c) A comparison of 
the De values obtained using the SGC method and the full conventional SAR method for 34 
aliquots from four samples. The solid line represents the 1:1 line and the dashed lines 
represent 10% deviation from the 1:1 line. 
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Fig. S6. (a) Natural K-feldspar IRSL and pIRIR decay curves for one aliquot of sample 
LEWP 0.89, which is representative for the LEWP1 core samples. Before each IRSL 
measurement, an ‘IR-off’ period of 10-50 s was applied to avoid any significant interference 
from isothermal-luminescence signals for the IRSL and pIRIR signals (Fu et al., 2012). (b) 
Dose response curves corresponding to different signals in (a). The sensitivity corrected 
natural signals are plotted on the y-axis.  
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Fig. S7. Re-normalised IRSL50 (a), pIRIR100 (b), pIRIR150 (c), pIRIR200 (d) and pIRIR250 (e) 
signals for six LEWP1 core samples. All signals are normalised using a regenerative dose 
signal at 442 Gy. The solid lines represent common SGCs for different signals, which can be 
best fitted using an exponential plus linear function. 
50° C 100° C 
150° C 200° C 
250° C 
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Fig. S8. Comparison of the IRSL50 (a), pIRIR100 (b), pIRIR150 (c), pIRIR200 (d) and pIRIR250 (e) 
De values for 17 aliquots of six samples obtained using the re-normalisation SGC method and 
the full MET-pIRIR method. The solid line represents the 1:1 line and the dashed lines 
represent 10% deviation from the 1:1 line.  
50° C 100° C 
150° C 200° C 
250° C 
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Fig. S9. Regenerative dose recovery test results for five LEWP1 core samples measured 
using the MET-pIRIR procedure and the re-normalisation method. (a) IRSL50 signal; (b) 
pIRIR100 signal; (c) pIRIR150 signal; (d) pIRIR200 signal and (e) pIRIR250 signal. Individual 
data points (black circles) each represent the average of 3-6 aliquot measurements. See 
experimental details in section S3.2. 
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Fig.S10. (a) Natural single-aliquot TT-OSL decay curve for one aliquot of sample LEWP 
0.89, which is representative for the LEWP1 core samples. The inset shows the relative 
contribution of the fast (black dashed line), medium (red dotted line) and slow (includes 
background; green dash-dotted line) components when the decay curve is fitted using a three 
exponential decay function (note the logarithmic scale for the x-axis). (b) A comparison of 
natural OSL decay curve and TT-OSL decay curve for the same aliquot shown in (a) (note 
the logarithmic scale for the y-axis). The x-axis is the cumulative blue-light stimulation time 
rather than the real measurement time. The red line indicates the decay of the slow 
component of the OSL signal which underlies the following TT-OSL signal. This inherited 
signal forms a major part of the slow component for the TT-OSL signal; hence it has been 
removed by subtracting a background evaluated from the last 2 seconds of the previous OSL 
decay curve (see section S3.3). (c) TT-OSL dose response curve of the same aliquot shown in 
(a) and (b). The sensitivity corrected natural signal is plotted on the y-axis. 
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Fig. S11. Representative OSL and TT-OSL decay and dose-response curves for individual 
quartz grains from LE14-1. (a) Quartz grain from sample LE14-1 with typical OSL signal 
brightness (Tn intensity = ~1350 counts / 0.17 s / 10 Gy), decay shape and dose-response 
curve saturation properties. (b) Quartz grain from sample LE14-1 with typical TT-OSL signal 
brightness (Tn intensity = ~350 counts / 0.17 s / 150 Gy), decay shape and dose-response 
curve saturation properties. The D0 value characterises the rate of signal saturation with 
respect to administered dose and equates to the dose value for which the dose-response curve 
slope is 1/e (or ~0.37) of its initial value. The D0 values shown here have been calculated 
using a single saturating exponential dose-response curve fitting function. 
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(a) 
D0 = 135 ± 7 Gy 
(b) 
D0 = 1328 ± 137 Gy 
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Fig. S12. Bayesian age-depth modelling results for the Lake Eyre Williams Point sequence 
obtained using a continuous deposition modelling scenario (Model 1, see section 5.2 in the 
main text). The likelihoods are based on the pIRIR dating results of eight core samples from 
LEWP1 (excluding three samples that exhibit potentially complicated dosimetry results) and 
the combined (weighted mean) single-grain OSL and TT-OSL ages of sample LE14-1 from 
the base of the Williams Point outcrop. The right-hand column shows the boundaries of 
different sedimentary units (see Fig. 3 and Table 1 in the main text). The prior age 
distributions for the dating samples (likelihoods) are shown in light blue. The modelled 
posterior distributions for the dating sample and unit boundaries are shown in dark blue and 
grey, respectively. Likelihood and posterior ages are shown on a calendar year timescale and 
are both expressed in years before sample collection (AD2014). The white circles and 
associated error bars represent the mean ages and 1σ uncertainty ranges of the PDFs. The 
68.2% and 95.4% ranges of the posterior probabilities are indicated by the horizontal bars 
underneath the PDFs. 
